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AUTHOR'S  PREFACE. 


IN  the  following  pages  I  give  a  theory  of  the  fan  which 
differs  considerably  from  anything  that  I  have  seen  in 
print,  and  which  may  therefore  meet  with  some  criticism. 
In  all  works  in  this  or  any  other  language  that  I  have  read 
I  have  found  the  equation 


where  H  is  the  head  of  air  against  which  the  fan  works,  v2 
is  the  tip  speed,  a  is  a  constant  for  any  particular  fan,  and  o 
is  the  equivalent  orifice. 

That  this  equation  cannot  be  that  of  all  fans  is  obvious 
when  we  remember  that  in  many  fans  the  manometric 
efficiency  increases, at  first  as  the  orifice  increases  from  zero, 
while  this  equation  states  that  it  decreases ;  nor  can  it  be 
maintained  that  the  equation  applies  to  fans  whose  mano- 
metric efficiency  is  greatest  at  zero  orifice,  for  if  the  curve 
of  manometric  efficiency  be  drawn  with  this  as  ordinate 
and  orifices  as  abscissae,  it  will  be  found  that  the  tangent  at 
the  point  where  the  curve  cuts  the  vertical  axis  is  horizon- 
tal ;  and  that  this  is  not  the  case  may  be  seen  from  fig.  49, 
which  gives  curves  for  eleven  fans  differing  widely  in  con- 
struction. Having  already  studied  the  centrifugal  pump, 
it  occurred  to  me  about  ten  years  ago  that  its  theory  might 
be  applied  to  that  of  the  fan  ;  and  except  that  the  fan  does 
not  actually  lift  air,  as  the  pump  lifts  water,  but  acts  like 
a  centrifugal  pump  that  pumps  against  the  resistance  of 
horizontal  piping  only,  I  consider  that  the  same  theory  may 
be  applied  to  both. 

In  Chapter  VIII.  I  have  endeavoured  to  show  that  my 
theory  agrees  with  the  results  of  experiment,  as  far  as  these 
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may  be  trusted.  The  following  pages  commence  with  the 
theory  of  the  centrifugal  fan,  following  which  are  experi- 
ments with  and  descriptions  of  this  type ;  and  in  Chapter 
X.  is  given  a  description  of  Prof.  Rateau's  high-pressure 
fans,  in  whose  design  it  may  be  mentioned  the  variation  of 
the  density  of  the  air  must  be  taken  into  account.  In 
Chapter  XII.  will  be  found  an  imperfect  theory  of  propeller 
fans,  imperfect  because  I  cannot  find  all  the  information  I 
require  from  published  experiments.  Following  this  will 
be  found  descriptions  of  this  type  and  of  Prof.  Rateau's 
screw  fans,  the  theory  of  which  closes  the  book. 

I  hope  this  book  will  be  of  service  to  those  who  have  to 
design,  or  who  wish  to  understand  the  working  of  fans. 
There  are  many  very  inferior  fans  used  which  do  their 
work  wastefully,  and  it  would  be  satisfactory  to  see  these 
replaced  by  others  of  scientific  design. 

CHAS.  H.  INNES. 

RUTHERFORD  COLLEGE, 
NEWCAKTLE-ON-TYNE, 
October,  1904. 


NOTE. 

IN  this  edition  the  work  has  been  thoroughly  revised,  and 
various  alterations  and  expansions  of  the  text  have  been 
made.  The  calculations  have  been  checked,  and  a  revised 
and  uniform  system  of  notation  has  been  adopted. 

Almost  all  the  figures  have  been  redrawn.  Chapter  XIIL, 
dealing  with  recent  practice  mainly  in  the  construction  of 
fans  and  centrifugal  compressors,  is  quite  new. 

It  is  hoped  that  in  its  altered  form  the  work  may  be 
increasingly  useful. 

W.  M.  WALLACE, 
F.  RABY  JOLLEY. 

September,  1916. 
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CENTRIFUGAL  FANS 


CHAPTEE  I. 

The  Conservation  of  Energy. — Energy  is  indestructible, 
although  it  may  appear  in  a  number  of  forms,  some  of  which 
are  useful  to  man,  whilst  others  are  not.  Thus  steam  at 
a  high  pressure  contains  energy  in  the  form  of  heat,  part  of 
which  can  be  converted  into  useful  work,  whilst  the  re- 
mainder is  wasted  in  overcoming  friction,  or  is  rejected  with 
the  condensed  steam  at  a  low  temperature,  and  is  of  no 
service  to  man.  But  the  law  of  conservation  of  energy 
supplies  us  with  equations  which  are  of  the  utmost  service 
in  correctly  designing  machines  in  which  a  flow  of  fluids 
takes  place,  because  we  know  that  changes  of  pressure, 
volume,  and  velocity,  are  accompanied  by  alterations  of  the 
forms  in  which  the  initial  energy  existed,  but  that  the 
quantity  of  energy  is  unaltered.  Although  we  are  now 
dealing  with  air,  a  compressible  gas,  and  should  therefore, 
in  strict  accuracy,  take  into  account  the  alteration  of 
volume  that  accompanies  change  of  pressure,  yet  in  all 
except  the  high-pressure  type  of  fans,  since  this  change  of 
pressure  is  so  small,  it  need  not  be  considered,  especially 
if  we  denote  the  volume  of  air  passing  through  the  fan 
as  the  volume  occupied  at  a  pressure  which  is  the  arith- 
metic mean  between  that  at  suction  and  discharge.  Let 
P  Ib.  per  square  foot  be  the  difference  between  the  suction 
and  discharge  pressures,  and  Q  the  mean  volume  in  cubic 
feet  per  second  of  the  air  passing  through  the  fan  measured 
as  above ;  then  P  Q  foot  Ib.  is  the  useful  work  done  by  the 
fan  per  second. 
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'  Application "  of  'the  Ljzw  of  Conservation  of  Energy  to  an 
\In^nipre^ibk:f^id'in  potion. — Suppose  a  liquid  of  density 
3  Ib. 'per  "cu1>i€  foot  is  Contained  in  a  vessel  (fig.  1),  whose 
free  horizontal  surface  is  maintained  at  a  constant  height 
H  above  any  assumed  level,  while  the  liquid  is  being  dis- 
charged from  a  pipe  connected  to  the  vessel.  Consider 
a  point  b  in  the  surface  of  the  liquid,  and  a  point  a  in  the 
pipe  h  feet  above  the  given  level.  Let  v  feet  per  sec. 
be  the  velocity  of  a  particle  at  a,  where  the  pressure  is 
p  Ib.  per  square  foot,  and  let  A  be  the  sectional  area  of 
the  pipe  in  square  feet. 


B 


FIG.  1. 

Then,  assuming  a  piston  to  move  with  the  water  at  a,  a 
displacement  of  1  foot  would  involve  pA  foot-pounds  of  work 
being  done  upon  the  piston,  at  the  expense  of  A  cubic  feet 
of  liquid,  or  p  foot-pounds  at  the  expense  of  each  cubic 
foot ;  or,  as  1  cubic  foot  contains  8  Ib.,  p  -i-  8  foot-pounds  of 
work  are  done  at  the  expense  of  each  pound  of  liquid. 
Taking  atmospheric  pressure  as  zero,  the  energy  of  the 
water  at  b  is  completely  potential  in  nature,  due  to  a  level 
head  H  feet ;  whilst  it  follows  that  the  energy  at  a  exists 
in  three  different  forms — viz.,  potential  energy  h,  kinetic 
energy  v2  -f-  2  g,  and  energy  due  to  pressure,  or  pressure 
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energy,  p  -f-  8.  Hence  we  say  that  a  liquid  under  pressure 
p,  velocity  v,  and  at  a  height  h,  has  a  pressure  head  p  +  8, 
velocity  head  v2-±-2  g,  and  actual  or  level  head  A,  while  the 
equivalent  head  due  to  all  three  is  H  ;  or,  more  simply,  we 
may  state  that  — 


Reason  for  treating  Air  as  if  it  had  a  Constant  Volume.. 
—In  practice  the  highest  water  gauge  against  which  a  fan 
works  is  about  12  inches.  As  the  water  barometer  is  about 
34  feet,  this  amount  corresponds  to  a  compression  of  ^th 
of  the  original  volume  of  the  air.  Thus,  if  the  discharge 
of  a  fan  is  measured  by  the  mean  volume,  the  actual 
volume  at  any  instant  can  only  be  ^th  part  of  the  mean 
volume  greater  or  less  than  this.  Hence  for  practical  pur- 
poses the  air  may  be  treated  as  an  incompressible  fluid 
obeying  equation  (1).  In  exact  experiments  on  fans,  the 
hygroscopic  state  of  the  air  must  be  considered,  as  well  as 
its  temperature  and  pressure. 

Application  of  Formula  (1).  —  Suppose,  for  example,  that 
air  weighs  0*075  Ib.  per  cubic  foot,  and  moves  with  a 
velocity  of  40  feet  per  second  in  a  straight  pipe  which 
gradually  enlarges  in  section  so  that  the  velocity  is  reduced 
to  20  feet  per  second,  what  will  the  change  of  pressure  per 
square  foot  be  if  the  pipe  is  horizontal  ?  Let  plt  v1  be  the 
pressure  and  velocity  when  the  latter  is  40  feet  per  second, 
and  j92,  v2  similar  quantities  when  it  is  20.  Then,  putting  a- 
for  the  density  of  air,  we  have  — 


o-     2g  a-     2g' 

and  ^  =  h2 ; 


then 


p2~Pi  _  V  -  v22 
or  2g 


(1600  -  400) 


, 

=  IJf  lb.  per  sq.  ft. 
This  corresponds  to  a  change  of  head=  18  j  feet  of  air. 
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It  will  be  seen  later,  by  the  application  of  the  principle 
here  involved,  that  the  mechanical  efficiency  of  a  fan  can 
be  considerably  increased  by  using  various  means  for 
gradually  reducing  the  velocity  of  the  air,  and  thus 
increasing  its  pressure. 

The  Loss  of  Head  by  Surface  Fridion  of  a  Fluid  under 
Steady  Flmv  in  a  Pipe  or  Passage  of  Unifcyrm  Section. — The 
following  analysis,  due  to  Dr.  Nicolson,  is  offered  as  a 
solution  of  the  problem  : 

The  irregularities  or  obstacles  on  the  surface  of  a  pipe 
create  an  eddying  motion  in  the  fluid  in  the  nature  of 
vortices.  These  increase  in  size  as  they  pass  to  the  centre 
of  the  stream,  where  their  velocity  is  made  up  out  of  that 
of  the  remaining  uneddied  fluid.  Consider  the  flow  in  a 


p,  * 


V//////////////////S 

FIG.  2. 

pipe  of  circular  section,  assume  the  speed  loss  to  be  cv, 
where  «;  is  the  mean  velocity  across  the  whole  section  of 
the  pipe ;  further,  let  0  be  the  mean  thickness,  and  b  the 
mean  circumference,  of  the  vortex  eddied  at  each  obstacle 
on  the  surface  of  the  pipe,  as  represented  in  fig.  2. 

Then   the  volume  of  fluid  eddied  per  second  at  each 
obstacle  =  bOv,  and  the  energy  lost   by  eddy  formation 

per  obstacle  per  second  =  -^—  (c?;)2,  where  a-  is  the  density 

of  the  fluid. 

If  there  are  n  eddies  per  foot  length  of  pipe,  then  the 

kinetic  energy  lost  per  foot  length  =  —^ — (cv)2. 
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The  work  done  per  second  on  a  block  of  fluid  I  feet 
long  =  (pl  —p2)av,  where  pl  and  p2  are  the  pressures  at  points 
I  feet  apart  and  a  is  the  sectional  area  of  the  pipe. 

Now,  it  follows  that  the  work  done  per  foot  length  per 
second  is  equal  to  the  kinetic  energy  lost  per  foot  length, 
since  the  forward  motion  is  constant  and  the  lost  energy 
is  made  good  out  of  the  pressure  head,  thus  — 

Pi  -  P9         o-.nbBv  ,    ^ 
1^2  av  =    2^     (a-)2, 

so  that  loss  of  head 


h      i-2==ne^.,      -f:  (2) 

a-  a     2g     *•  m  2g 

where  m  is  the  mean  hydraulic  depth  of  the  pipe  —  i.e., 
section  divided  by  circumference.  Thus  it  follows  that  £ 
is  proportional  to  the  number  of  obstacles  per  foot  length, 
to  the  square  of  the  fractional  speed  loss,  and  to  the  thick- 
ness of  water  eddied  which  depends  on  the  height  of  the 
obstacles  ;  it  is  also  evident  that  £  in  no  way  depends  on 
the  nature  of  the  fluid. 

Professor  Unwin  in  "  Development  and  Transmission  of 
Power  "  gives  — 

f.  0-0027 


Examples  from  Weisbach  show— 

£=  0*005  (  1  +  _  —  j)  for  clean  pipes, 


+  1-0—7    f°r  encrusted  pipes, 


where  d  is  the  diameter  of  the  pipe  in  feet. 

For  a  pipe  of  circular  section,  m  =  d-f-4,  so  that  equation 
(2)  becomes 

2  * 


/  is  the  coefficient  of  resistance  of  the  pipe  referred  to 
ttle  velocity  v.     And  as  the  losses  of  head  due  to  bends 
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arid  elbows,  and  passages  of  any  form,  are  proportional  to 
the  square  of  the  velocity,  in  a  given  machine  we  can  say 
that  the  loss  of  head  is  2 

Ft 

in  addition  to  that  part  of  the  loss  of  head  due  to  sudden 
changes  of  direction  and  velocity,  where  Fl  is  the  coefficient 
of  resistance  of  the  machine  referred  to  the  velocity  v. 

Dr.  A.  H.  Gibson's  Formula.  —  In  the  case  of  air 
Dr.  Gibson  has  shown1  that  formula  (2)  only  applies  if 
the  coefficient  £  is  varied,  not  only  with  the  physical  con- 
dition of  the  interior  surface  of  the  pipe,  but  also  with  its 
diameter,  with  the  mean  velocity  of  flow,  with  the  mean 
pressure,  and  with  the  temperature  of  the  air.  For  either 
cast-iron  or  wrought-iron  pipes  laid  under  normal  con- 
ditions as  to  jointing,  etc.,  he  gives  the  following  relation- 
ship for  the  drop  in  pressure  in  Ib.  per  sq.  in.  (Sp)  in  a 
length  /  ft.  of  pipe  of  diameter  d  ft. — 

Sp  =  0-000001 25  Pm~lVml 


pm  being  the  mean  pressure  in  Ib.  per  sq.  in.,  and  vm 
the  mean  velocity  of  the  air  in  ft.  per  sec.  The  above 
relationship  holds  for  a  mean  temperature  of  66°  F.  The 
value  of  n  depends  upon  the  diameter  of  the  pipe  as 
follows : — 


Dia.  (in.)  : 

3. 

5, 

7. 

a 

12. 

n 

1-83 

1-81 

1-79 

1-775 

1-77 

For  a  3  in.  pipe  the  formula  becomes — 
8p  =  0-0000002  p™v™l, 

and  the  drop  in  pressure  in  Ib.  per  sq.  in.  on  100  ft.  length 
of  3  in.  pipe,  when   the   mean   pressure  is  atmospheric, 
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say  14-7  Ib.  per  sq.  in.,  is  for  the  following  values  of  v  (in 
ft.  per  sec.) — 

v  ...          10  20  30  40  60 

Sp          ...     0-01258     0-04474     009393     0-1591     0-3345 

For  a  mean  pressure  of  40  Ib.  per  sq.  in.  the  drop  in 
pressure  at  these  velocities  becomes — 

v         ...         10  20  30  40  60 

Sp      ...     0-02889       0-1027       0-2156       0-3651       0-7678 

It  is  evident  that  the  loss  of  head  or  pressure  drop  is 
affected  very  much  by  the  mean  pressure  of  the  air. 

The  values  of  n  in  the  formula  were  deduced  from  the 
experiments  of  Riedler  and  Gutermuth  on  the  Paris  air 


FIG.  3. 

mains,  the  length  of  pipes  ranging  from  10,980  ft.  to 
54,270  ft.,  the  mean  pressures  from  92  to  118  Ib.  per  sq. 
in.,  and  mean  velocity  from  8-5  to  28 '6  ft.  per  sec. 
Unfortunately,  the  mean  temperature  which  would  affect 
the  drop  somewhat  was  unknown,  but  assumed  at  65°  F. 
Experimental  results  on  smaller  and  shorter  pipes  by 
M.  Stockalper,  Dr.  Brix,  and  the  author,  were  also  con- 
sulted, though  in  some  of  these  the  mean  temperature  had 
to  be  assumed. 

Condition  for  Minimum  Loss  of  Head  due  to  a  Sudden 
Change  in  the  Direction  of  Motion. — When  a  sudden  change 
of  direction  of  motion  and  of  velocity  takes  place,  such  as 
that  represented  in  fig.  3  from  A  B  to  A  C,  where  A  B  repre- 
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sents  a  velocity  vlt  A  C  a  velocity  02,  and  the  angle  B  A  C  is 
called  0,  then  the  loss  of  head 


COS 


.     -     (3) 


This  expression  obviously  has  its  least  value  when  B  C  coin- 
cides with  B  D,  the  perpendicular  on  A  C,  so  that 

v2  =  vl  cos  0 (4) 

Thus  the  minimum  loss  of  head 


Condition  for  Maximum  Gain  of  Pressure  Head.  —  Let  p-±  be 
the  pressure  before  the  change,  and  p2  after,  then 

&  +  vl  +  loss  of  head  =^  +     *, 


=  gain  of  pressure  head 


=  v^  -  v2*  _  v?  +  v22  -  2  v^z  cos  0 


cos     ~ 


The  maximum  gain  of  pressure  head  occurs  when 

35r(Vi«**-V!)-0; 

e.e.,  when  v2  =  J  ^  cos  ^, 

or  when  A  C  =  C  D. 


LOSS   OF   HEAD 

Thus,  if  a  sudden  change  of  direction  must  take  place, 
and  it  is  intended  afterwards  to  convert  a  large  part  of  the 
velocity  head  into  pressure  head  by  a  gradually  expanding 
pipe,  v2  should  equal  v^  cos  0  giving  a  minimum  "  shock 
loss  "  ;  but  where  no  expanding  pipe  can  be  fitted  A  C  must 
be  \  A  D,  so  as  to  obtain  a  maximum  gain  of  pressure  head; 
that  is,  we  must  have 


cos 


Loss  of  Head  due  to  Change  in  Velocity,  without  Change 
in  Direction.  —  When  a  sudden  reduction  of  velocity  takes 
place  from  v^  to  v2  without  change  of  direction,  the  loss  of 
head  is 


and  therefore  the  gain  of  pressure  head  is  obtained  as 
follows : 

Po—Pl  r  IT 

O — 1-3  =  gam  oi  pressure  head 
^V-V,  loss  of  head 


The  formulae  for  losses  of  head  at  bends  are  — 

m  +  l-MT^JAf!.     .     (8.) 
for  bend  of  pipes  with  circular  section  diameter  d  feet. 


for  pipes  of  rectangular  section  of  height  d  ;  C  being  the 
mean  radius  of  bend  in  each  case,  and  (/>  the  angle  of  bend. 
These  are  of  doubtful  accuracy. 
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CHAPTER  II. 

Manometer  and  Pilot  Tube. — To  measure  the  work  done 
by  a  fan,  we  require  to  obtain  the  pressure  difference 
between  suction  and  discharge  and  the  quantity  of  air 
passing  through  the  fan  in  unit  time.  An  instrument 
termed  a  manometer  is  used  to  obtain  difference  of 
pressure.  If  a  bent  tube  (fig.  4)  contains  water,  and  the 
end  c  is  exposed  to  greater  pressure  than  the  end  /;,  the 


h, 

i 
A. 


Fia  4. 

liquid  will  rise  on  the  latter  side  to  a  height  proportional 
to  the  difference  of  pressure.  At  the  average  temperature 
a  cu.  ft.  of  water  weighs  62-3  lb.,  so  that  each  inch  of 
gauge  registers  a  pressure  of  5 '192  lb.  per  sq.  ft. 

A  distinction  must  be  made  between  the  dynamic  and 
the  static  pressure  of  a  gas.  When  the  mouth  of  the  tube 
is  placed  parallel  to  the  direction  of  flow  of  the  air,  the 
static  pressure  is  measured  at  that  point ;  but  if  the  tube 
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is  bent  so  that  its  mouth  faces  upstream,  and  is  at  right 
angles  to  the  lines  of  flow,  there  is,  in  addition  to  the  static 
pressure,  a  dynamic  pressure  due  to  the  bombardment  of 
the  mouth  by  the  gas  molecules.1  This  dynamic  pressure 
is  taken  advantage  of  in  order  to  measure  the  velocity  of, 
air  in  accurate  fan  work.  The  amount  by  which  the 
pressure  is  raised  is 

V2 

-  o-  lb.  per  sq.  ft., 
*9 

so  that  if  h  is  the  difference  of  level  of  the  water  mano- 
meter (fig.  4)  when  the  end  c  is  exposed  to  the  dynamic 
and  6  to  the  static  pressure, 

12  v2     o-  . 
*— 27  "I* 

In  order   to   measure   the   dynamic   pressure   or   head 
accurately  in  practice,  Pitot's  tube  is  used,  one  form  of 


FIG.  5. 


which  is  shown  in  fig.  5.  It  consists  essentially  of  two 
concentric  tubes  containing  air.  The  end  a  of  the  inner  or 
dynamic  tube  faces  upstream,  and  this  tube  transmits  the 
dynamic  pressure  through  c  to  one  leg  of  the  manometer. 
The  static  pressure  is  transmitted  from  the  outer  tube 
through  tube  b  to  the  other  leg  of  the  manometer,  small 
holes  0'02  in.  dia.  in  the  outer  tube  allowing  it  to  com- 
municate with  the  outside  air. 
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After  much  experimenting,  it  has  been  established  that 
the  exact  size  or  shape  of  the  mouth  a  does  not  materially 
affect  the  result,  but  that  the  exact  size,  shape,  and  position, 
of  the  static  opening  are  important  considerations.3  If  the 
static  opening  is  large  or  is  in  the  shape  of  a  slot  in  the 
side  of  the  Pitot  tube,  the  pressure  registered  is  too  large. 
Placed  in  positions  where  the  flowing  air  produces  a 
suction  effect,  the  pressure  registers  too  low  ;  for  instance, 
an  ordinary  manometer  with  an  open  mouth  parallel  to  the 
flow  might  register  too  high  or  too  low,  according  to  the 
size  of  the  mouth  and  the  velocity  of  flow.  For  these 
reasons  a  Pitot  tube  of  the  form  illustrated  in  fig.  5  is  to 
be  recommended. 

For  small  pressure  differences,  in  order  to  magnify  the 
readings,  the  manometer  is  inclined  to  the  horizontal,  or  a 
light  liquid  such  as  gasoline  used. 

Anemometer. — For  rough  work  the  quantity  of  air  dis- 
charged by  a  fan  is  measured  by  an  instrument  called 
an  anemometer.  It  consists  of  a  small  wheel  carrying 
vanes  set  at  an  inclination  to  the  plane  of  rotation,  so 
that  when  a  current  of  air  passes  through  the  wheel  in 
the  direction  of  its  axis  the  wheel  will  rotate  and  com- 
municate its  motion  to  gearing  which  works  a  counter 
showing  the  number  of  revolutions.  It  was  originally 
supposed  that  the  number  of  revolutions  was  propor- 
tional to  the  velocity  of  the  air,  but  this  is  not  the  case 
even  when  the  current  of  air  has  a  uniform  velocity, 
because  of  the  friction  of  the  apparatus,  and  is  very  far 
from  being  the  case  when  the  velocity  is  variable.  In  the 
latter  case  the  anemometer,  which  is  usually  graduated  by 
rotating  it  in  still  air  at  the  end  of  an  arm  driven  at 
uniform  velocity,  greatly  exaggerates  the  quantity  of  air 
passing  through  it.  That  this  is  so  will  be  readily  under- 
stood if  we  consider  the  case  of  an  anemometer  which  is 
alternately  placed  during  equal  short  periods  in  a  current 
of  air,  and  in  still  air ;  when  in  the  former  it  attains  a 
speed  very  nearly  proportional  to  that  of  the  air,  and  when 
in  the  latter  it  slows  down  very  gradually,  so  that  the  total 
number  of  revolutions  is  considerably  greater  than  would 


ANEMOMETER  13 

have  been  obtained  had  the  instrument  been  placed  in  the 
current  of  air  for  half  the  time. 

Determination  of  Head  from  the  Water  Gauge,  and  the  Cal- 
culation of  Air  Density  for  a  Given  Humidity. — A  water 
gauge  of  h  jn.  corresponds  to  a  pressure  P  Ib.  per  sq.  ft., 
where  *  7 

P  =  ^|lb.perSq.ft (9) 

and  8  =  weight  of  1  cu.  ft.  of  water  at  the  temperature 
at  which  the  experiment  was  made.  If  o-  is  the  weight  of 
1  cu.  ft.  of  air  at  that  same  temperature  (to  find  which 
the  height  of  the  barometer  and  the  moisture  contained 
by  the  air  must  be  known),  then  the  equivalent  head  of  air 
against  which  the  fan  is  working  is 

H  =  Aift.  of  air (10) 

1 2i  (T 

and  as  8  =  62-3  and  0-  =  0*075  at  62  Fah.,  we  may  take 

ft.  of  air    .    \    .     (11) 

where  rough  calculations  only  are  necessary.  Where 
greater  accuracy  is  desired  we  require  the  barometer, 
thermometer,  and  hygrometer  to  obtain  the  correct  value 
of  <r.  From  Dal  ton's  Law  of  Partial  Pressures  it  is  known 
that  the  total  pressure  exerted  by  a  mixture  of  two  gases 
filling  a  space  is  equal  to  the  sum  of  the  pressures  that  they 
would  produce  if  they  filled  the  space  alone.  In  the  case  of 
unsaturated  moist  air  we  can  find  the  pressure  of  the  vapour, 
because  by  the  hygrometer  we  can  find  the  dew  point  or 
temperature  at  which  the  amount  of  moisture  in  the  air 
would  just  saturate  it. 

The  variation  in  the  saturation  pressure  and  volume  of 
aqueous  vapour  with  temperature  has  been  carefully  in- 
vestigated by  Regnault,  but  no  simple  physical  law  ap- 
parently exists  between  these  quantities,  so  that  they  are 
most  conveniently  presented  in  tabular  form. 

Knowing  the  saturation  volume  for  a  given  temperature, 
we  can  find  the  weight  of  moisture  per  cu.  ft. 
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Let  P   =  Pressure  due  to  the  air  and  moisture  combined, 

in  inches  of  mercury. 
Ps  =  Pressure  of  aqueous  vapour  at  the  dew  point, 

in  inches  of  mercury. 

[Note. — P*  is   slightly  greater  than  the  pres- 
sure at  the  temperature  considered,  but 
this  change  in  pressure  may  be  neglected.] 
o-d  =  Density  of  dry  air  at  the  standard    pressure 

29-92  in.,  and  at  any  absolute  temperate  T. 
crs  =  Density  of  aqueous  vapour, 
a-    =  Density  of  air  and  vapour  combined. 
<rx  =--  Density  of  dry  air  at  pressure  and  temperature 
considered. 

Then  the  weight  of  dry  air  in  1  cu.  ft.  of  the  atmosphere  at 
the  given  temperature  T  °F.  is 

^.^P-P*. 

further, 

where  p  is  in  Ib.  per  sq.  ft.  and  v  is  the  volume  of  1  Ib.  in 
cu.  ft. 

r™  29-92x13-6x8     39-8 

"d=    12x68-2xr    ^  -P 

whence  by  substitution 

_39-8(P-Ps) 
29-92  t 

This  must  be  added  to  o-s,  the  density  of  the  water  vapour, 
obtained  from  the  saturation  volume  given  in  the  table 
below.  Thus  the  density  of  moist  air  at  the  given  tem- 
perature and  pressure  is 

cr  =  crx  +  <Ts. 
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If  very  great  accuracy  is  desired  account  must  be  taken  of 
the  slight  increase  in  length  of  the  barometric  column,  due 
to  the  fact  that  the  temperature  fat  which  it  is  read  is  not 
32  deg.  Fah.,  at  which  temperature  only  the  standard 
barometer  is  29-22.  To  allow  for  this  we  must  write 

39-8  (P-P.) 


29-92  (1  +  0-0001  {F-  32})?' 

the  constant  O'OOOl  being  the  specific  heat  of  mercury. 

The  table  of  saturation  pressures  and  volumes  of  aqueous 
1  apour  given  on  p.  16  has  been  taken  from  Dr.  Jude's 
"Physics."4 

The  following  example  will  make  the  method  of  obtain- 
ing the  value  of  o-  clear  :  — 

The  temperature  of  the  atmosphere  is  77  deg.  Fah.,  and 
the  dew  point  as  obtained  by  the  hygrometer  is  41  Fah., 
what  is  the  weight  of  1  cu.  ft.  of  air  if  the  barometer  is 
29  in.  ?  The  pressure  of  the  moisture  is  0*2572  in.,  so  that 


P  -  P.  =  28-7428  and  <rx  =  39' 


39-8  x  28-74     „  „„. 
=  538  x  29-92  =0'°7131b-PerCU-ft- 

because  7=77  +  461  =  538  deg.  absolute  Fah. 

From  the  table  we  find  that  at  41  Fah.  it  requires  2,406 
cu.  ft.  of  vapour  to  form  1  Ib. 

o-s  =  --L  =0-00042  Ib.  per  cu.  ft., 

so  that  the  total  weight  of  1  cu.  ft.  of  air  is 
o-=:(rx  +  o-s-  0-0717  Ib.  per  cu.  ft. 
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SATURATION  PRESSURES  AND  VOLUMES  OF  AQUEOUS 
VAPOUR. 


Temperature  Fah. 

Saturation  pressure. 
Inches  of  mercury. 

P.. 

Saturation  volume. 
No.  of  cu.  ft.  per  Ib. 
1 

<T8 

32 

0-1811 

3390 

41 

0-2572 

2406 

50 

0-3608 

1732 

59 

0-5000 

1264 

68 

0-6846 

935 

77 

0-9279 

699 

86 

1  2420 

529 

95 

1-6470 

405 

104 

2-1620 

313 

113 

2-8110 

244 

122 

3-6210 

192 

131 

4-6260 

152-4 

140 

5-8580 

122 

149 

7-3580 

98-45 

158 

9-1770 

80-02 

167 

11-3600 

65-47 

176 

13-9600 

53-92 

CHAPTEE  III. 

Law  of  Change  of  Moment  of  Momentum. — One  of  the 
most  important  mechanical  laws  that  applies  to  the  fan  is 
that  the  change  of  moment  of  the  momentum  of  a  mass 
acted  upon  by  forces  is  equal  to  the  moment  of  the  impulse 
of  the  external  forces,  or  to  their  angular  impulse.  If  the 
weight  of  a  body  is  W,  and  its  velocity  is  v,  its  momentum 

"W  v 

is  ,  and  if  r  is  the  perpendicular  from  any  point  A, 

if 

fig.  6,  upon  the  line  indicating  the  direction  of   motion' 


LAW  OF  CHANGE  OF  MOMENT  OF  MOMENTUM 


Wv 
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then r  is  the  moment  of  its  momentum,  or  its  angular 

momentum.  Suppose  a  force  P  to  act  upon  the  body 
during  a  very  small  time  t ;  then  by  the  second  law  of 
motion  if  u  is  the  velocity  produced  in  the  direction  of  P 

Wu 


and  iffj  is  the  perpendicular  on  P's  direction,  then 

is  the  moment  of  the  impulse  of  the  force,  or  its  angular 

impulse ;  and  the  change  of  the  moment  of  momentum  is 

W  u 

1\  because  the  moment  of  momentum  of  a  body  about 

a  point  is  equal  to  the  sum  of  the  moments  of  the  resolved 


parts  of  its  momentum ;  therefore  the  change  of  the  moment 
of  the  momentum  is  equal  to  the  moment  of  the  impulse  of 
the  external  forces,  because  being  true  for  a  small  period  of 
time  and  a  constant  force,  it  is  also  true  for  a  finite  period 
and  a  variable  force. 

Work  done  on  the  Air  in  its  Passage  through  a  Radial  Flow 
Fan. — Imagine  a  mass  of  air  passing  through  a  wheel  or 
fan,  fig.  7,  rotating  about  the  axis  C  in  the  direction  of 
the  clock,  and  to  simplify  matters  suppose  that  all  particles 
follow  similar  paths,  such  as  AB,  and  that  the  inflow  at 
A  is  radial.  Let  vl  be  the  velocity  of  the  inner  circumference 
in  ft.  per  sec.,  and  v2  that  of  the  outer,  and  let  rlf  rz  be  the 

2 
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corresponding  radii  in  feet.  Let  c2  be  the  absolute  velocity 
of  discharge,  and  ct  that  of  inflow  just  before  the  vanes  act 
upon  each  particle,  while  ca  is  the  absolute  velocity  immedi- 
ately after  ;  further,  let  u^  and  ?/2  be  the  velocities  of  inflow 
and  outflow  relative  to  the  wheel.  The  parallelograms 
of  velocity  of  outflow  and  inflow  are  L  M  N  B  and  A  E  F  G. 
If  a^  and  a2  are  the  tangential  components  of  Cj  and  c2  at 
entry  and  exit  from  the  wheel,  and  Sw  is  the  weight  of 

the  element  of  air  under  consideration,  it  follows  —  a2  r2 

is  the  angular  momentum  of  all  forces  acting  on  the  ele- 
ment, since  its  moment  of  momentum  is  zero  before  reach- 

ing the  wheel,  and  —  «2r2  after  leaving  the  wheel.     If, 

then,  o>  is  the  angular  velocity  of  the  wheel  in  radians,  and 
W  is  the  total  weight  passing  through  the  wheel  per  sec., 

W 

—  «2r2o>  =  To>, 

J 

W 


=  work  per  sec.  transmitted  to  the  wheel  if  T  =  total 
twisting  moment  in  Ib.  ft.  Hence, 

a2v.2~(j=^work  done  by  wheel  per  Ib.  of  air   .    (12) 

and  neglecting  the  friction  of  the  bearings,  which  is  never 
a  very  great  quantity,  this  is  the  work  done  per  Ib.  of 
air  on  the  fan  shaft,  however  the  air  may  approach  the 
fan.  For  if  no  force  acts  on  the  air  before  it  reaches  the 
fan  it  can  have  no  moment  of  momentum,  and  therefore 
must  approach  the  fan  radially,  or,  if  inflow  is  axial, 
axially.  Hence  the  work  done  by  the  wheel,  and  there- 
fore that  done  on  the  shaft  by  the  motor,  must  be  a2  v2  -f-  g  ; 
but  if  the  friction  of  shaft  or  arms  acts  on  the  air  and  gives 
it  angular  momentum  before  reaching  the  wheel,  then 
a2  v2  -f  g  is  the  work  done  by  the  wheel  vanes,  arms,  and 
the  friction  of  the  shaft  upon  the  air,  or  is  the  useful  work 
done  by  the  motor  on  the  shaft.  Thus  equation  (12)  not 
only  applies  to  fans  in  which  the  flow  through  the  wheel 
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is  wholly  in  a  plane  perpendicular  to  the  axis  of  the  shaft, 
Or  radial  flow  fans,  but  also  to  those  in  which  the  flow  is 
changed  from  an  axial  direction  to  a  radial  direction,  or 
mixed  flow  fan*. 

Losses  of  Energy  or  Head  while  passing  through  the  Fan. — 
In  passing  through  a  fan  there  are  several  losses  of  head, 


FIG.  7. 


which  by  proper  design  may  either  be  entirely  avoided  or 
reduced  to  a  minimum  when  the  orifice  or 


has  the  value  for  which  the  fan  has  been  designed,  where 
Q  --=  cti.  ft.  or  metres  per  sec.,  H  =  head  of  air  in  ft.  or  metres 
given  by  formula  (10)  or  (11),  and  g  =  3'2"2  for  British 
units,  or  9-81  for  metric  units.  Fig.  8  is  an  outline  draw- 
ing of  a  fan  showing  two  sectional  elevations.  In  some 
fans  there  are  two  eyes,  A,  at  which  the  air  enters  ;  in 
others  one  eye  only  is  employed.  The  air  passes  from 
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the  eye  through  the  wheel  B,  which  rotates  clockways, 
into  the  diffuser  C.  This  difi'user  is  sometimes  made  with 
parallel  sides,  but  often  with  a  slight  taper  of  about  7  deg. 
Its  inner  surface  is  always  cylindrical,  but  its  outer  sur- 
face is  sometimes  of  a  spiral  form,  as  in  the  Kateau  venti- 
lator to  be  described  later.  It  is,  however,  usually  cylin- 
drical. Most  fans  are  constructed  without  any  diffuser  at 
all,  and  the  wheel  B  discharges  directly  into  the  volute  D, 
which  is  usually  of  rectangular  or  circular  section  increas- 
ing from  the  beak  E,  according  to  a  formula  to  be  dealt 
with  later,  and  having  its  greatest  section  at  the  base  of 
the  chimney  F.  The  latter  gradually  increases  in  section 
as  shown,  so  as  to  reduce  the  velocity  of  discharge.  Re- 
ferring to  fig.  7,  we  see  that  when  the  air  enters  the  wheel 
at  A  its  direction  may  be  suddenly  changed  from  c±  to 
ca,  so  that  the  loss  of  head  is 


where  ^  is  the  radial  component  of  the  absolute  speed 
immediately  after  entry  to  the  wheel,  and  0  is  the  angle 
made  by  the  vane  A  B  at  A,  with  a  tangent  to  the  circle 
through  A.  In  order  that  this  loss  of  head  may  be  avoided, 
we  must  make  6  such  that 

«*«-& 

bi 

which,  we  shall  presently  show,  can  only  be  the  case  for  one 
value  of 

V 


After  passing  through  the  wheel  the  air  enters  either  the 
atmosphere  if  the  fan  has  no  casing,  the  diffuser,  or  in  the 
case  of  a  fan  without  any  diffuser  it  passes  directly  into  the 
volute  ;  in  the  first  case  the  head  lost  is  c22  -j-  2  g,  as  the 
kinetic  energy  at  discharge  is  all  lost  ;  in  the  second  case 


LOSSES   OF  HEAD   WHILE   PASSING   THROUGH  THE   FAN     21 

there  is  no  loss  when  entering  the  diffuser,  whilst  in  the 
third  the  loss  is  (fig.  9) 

PM2 


(13) 


where  cv  is  the  velocity  in  the  volute  which  has  a  direction 
very  nearly  tangential  to  the  wheel.     If  the  fan  has  no 


FIG.  8. 

chimney  or  expanding  discharge  pipe  cv  should  =  |  «2,  so 
as  to  obtain  a  maximum  gain  of  pressure  head ;  but  if  it 
has,  then  c0  should  — -  «2,  giving  a  minimum  shock  loss,  for 
the  reasons  given  in  Chap.  I ,  equations  (4)  and  (6).  If 
the  fan  has  a  diffuser,  and  BD  is  its  inner  and  CE  its 
outer  circumference  (fig.  10),  the  latter  having  a  radius  ry 
then  the  change  of  the  angular  momentum  of  each  particle 
of  air  therein  is  nil,  because  no  force  acts  on  it  during  its 
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passage  through  the  diffuser.  Further,  if  ay  b3  are  the 
tangential  and  radial  components  at  discharge,  and  s2,  s3 
the  breadths  of  diffuser  at  inflow  and  discharge,  then 


H  •  •  •  •  •  •  •  (14) 

and  2  TT  r2  s2  L  =  2  TT  ?•  sq  &o 

•  ^S     •  o     o      o 

ft,     r0  s0 


b2      r3 


and  if  the  sides  of  the  diffuser  are  parallel,  or  s2  =  s 


3, 


This,  however,  neglects  the  thickness  of  the  vanes  ;  the 
path  B  C  is  then  an  equi-angular  spiral.  But  s3  is  usually 
made  slightly  greater  than  sa>  so  that  the  sides  are  inclined 
to  one  another  at  an  angle  of  about  7  deg. 

The  air  next  passes  into  the  volute,  and  the  loss  of 
head  is 


(17) 


and  if  there  is  an  expanding  discharge  pipe  we  should 
havect>  =  a3,  and  if  not,  cv  =  Ja3,  according  to  Chap.  I., 
equations  (4)  and  (6).  In  addition  to  the  above  there  is 
the  loss  due  to  surface  friction  and  bends  which  may  be 
written 


u  2 
where  Yl   *    accounts  for  friction  and  bends  in  the  wheel, 

J 

r  2 
and  F2  *   the  loss  by  friction  in  the  diffuser  and  friction 
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and  bends  in  the  volute.     There  is  also  the  loss  of  head 
due  to  the  kinetic  energy  contained  by  the  air  at  discharge. 


where  ca  is  the  speed  in  the  discharge  pipe. 
N  .  M 

X 

U2 


B 


L  , 


<V      P 

FIG.  9. 


The  values  of  c,v  in  terms  of  a2  and  a3  can  only  be  ob- 
tained at  one  orifice,  and  make 


and 


or 


2? 


.     .     (20) 


Equation  for  finding  the  Manometric  and  Mechanical 
Efficiencies  in  Terms  of  (f> — The  work  done  by  the  wheel 
per  Ib.  of  air  delivered  is  equal  to  the  head  H  given  to 
the  air,  together  with  the  work  absorbed  by  losses  of  head ; 
hence  a  v 

-^  -  losses  of  head  =  H. 
ff 

Case  A. — In  the  case  of  a  fan  without  any  casing  these 
losses  include — 

(1)  Shock  loss  at  entry  to  the  wheel. 

(2)  Losses  by  friction  and  bends  in  passing  through 

the  wheel. 

(3)  The  leaving  loss  depending  on  the  absolute  speed 

from  the  wheel. 
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Thus  we  have 


_a_F  i  =  H  (21) 

g       2g       l'2g  2g 

where  a2  =  v2  —  \  cot  </>, 

<£  being  the  angle  between  tangent  to  the  curve  A  B  at  B, 
and  the  circle  through  B,  measured  clockwise  (fig.  7).  In 
some  fans  </>  is  greater  than  90  deg.,  so  that  cot  <£  is 
negative. 


,  =  &22(l+cot2<£) 
and  vl  =  v2  7*, 

so  that  it  is  evident  that  the  equation  for  a  given  fan  can 
be  thrown  into  the  form, — 

v22  +  Pv2  Q-EQ2~S#H  =  0  .     .     .     (22) 

where  P,  E,  and  S  are  constants  containing  F,  <£,  and  0,  of 
which  E  and  S  are  positive  and  P  may  be  positive  or 
negative. 

Case  B.—It  the  fan  has  a  diffuser  and  no  volute,  then 
the  losses  comprise — 

(1)  Shock  loss  at  entry  to  the  wheel. 

(2)  Losses  by  friction  and  bends  in  passing  through 

the  wheel. 

(3)  Friction  loss  in  the  diffuser. 

(4)  Leaving  loss  depending  on  the  absolute  speed 

from  the  diffuser. 

Thus  we  have 
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Case  C. — If  there  is  a  volute  and  chimney  but  no  diffuser, 
besides  the  losses  (1)  and  (2),  Case  B,  we  have— 

(3)  Shock  loss  at  entry  to  the  volute. 

(4)  Loss  by  friction  and  bends  in  the  volute. 

(5)  Leaving  loss  due  to  kinetic  energy  of  air  in  the 

discharge  pipe. 


cofc 


Fi 


2g 


(24) 


where  c^  is  the  velocity  of  discharge  from  the  chimney. 

C 


FIG.  10. 
Case  D. — If  there  is  a  diffuser,  volute,  and  chimney. 


(25) 


And  since  all  the  velocities  may  be  expressed  in  terms  of  v2 
and  Q,  the  angles  9  and  <£,  and  the  sections  of  the  various 
passages  of  the  fan,  we  may  transform  equations  (23),  (24), 
(25)  into  the  form  given  in  (22).  We  must,  however, 
mention  that  9  and  <£  are  not  exactly  the  angles  of  the 
vanes,  but  the  angles  of  relative  inHow  and  discharge, 
which  from  experiments  made  by  the  writer  with  the 
centrifugal  pump,  which  only  differs  from  the  fan  in  that 
it  pumps  water  instead  of  air,  are  greater  than  the  vane 
angles  the  greater  the  discharge,  and  approach  the  vane 
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angles  as  the  discharge  becomes  small.  The  reader  must 
remember  that  0  and  </>  are  the  angles  made  with  the  tan- 
gents to  the  inner  and  outer  circumferences  of  the  wheel, 
by  the  mean  direction  of  flow  to  and  from  each  passage 
(fig.  8).  It  is  such  points  as  these  which  account  for  the 
difference,  usually  of  small  magnitude,  however,  which  is 
found  between  a  series  of  experimental  results  and  a 
theory,  which  is  not  absolutely  correct,  owing  to  the  diffi- 
culty encountered  in  expressing  mathematically  the  exact 
variation  of  the  quantities  involved. 

We  shall  now  consider  the  effect  of  varying  </>  in  equations 
(21)  to  (25)  on  the  mechanical  efficienc}7  of  the  fan,  and  on 
the  manometric  efficiency 

NM  =  ^       .....     (25a) 


The  mechanical  efficiency  does  not  differ  much  from  the 
ratio  of  the  useful  work  done  per  Ib.  H  to  the  work  done 
by  the  wheel  per  Ib.  a2  v2  +  g.  The  difference  is  due  to 
the  friction  of  the  wheel  bearings,  and  to  the  friction  of  the 
outside  casing  of  the  wheel  with  the  air,  which  we  have  not 
included  in  the  above  equations,  and  which  is  only  notice- 
able at  very  small  orifices.  We  shall  therefore  find  the 
ratio,  which  we  shall  call  the  air  efficiency, 

^SA     ......    (26) 

a2v2 
and  we  shall  throughout  take 

6a  =  0-5^H      .....     (27) 
when  vl  =  bt  cot  6 

—that  is,  when  the  air  glides  on  to  the  wheel  vanes  without 
shock  loss. 

Equation  (21)  thus  becomes 

})£  +  (v2  -  b2  cot  <fr)2  _     ^  cosec2  <£  =  H 
~"20~  *i       2$ 
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2  va2  -  2  t>,  b9  cot  </>  -  &22  -  v22  +  2  Z>2  v2  cot  <£  -  b22  cot2  <£ 

-F1/>22cosec2<£  =  2#H; 
from  which 

v*  -  £22  (I  +  cot2  <£)  -  &22  F!  cosec2  </>  =  2  g  H, 
and  v22  -  V  (1  +  Fj)  cosec2  $  =  2  gr  H  ; 

whence  by  equation  (27) 


Eliminating  v2 

N     -  1 

m2~  v*  "  8  +  (1 

also  the  air  efficiency 


V2    V2  ~    2  C0 

which  from  equation  (27)  becomes 

m(m-\  cot  4>) 

Considering  next  case,  B,  in  which  there  is  a  diffuserbut  no 
volute,  let  1  3  the  external  radius  of  the  diffuser  be  k  r2,  and 
suppose  the  sides  parallel  to  one  another  ;  then  from  equa- 
tion (23) 


9  2# 

since  the  shock  loss  at  entry  to  the  wheel 

_  vl  -  bl  cot  6  _  - 
~~~ 


Now,  in  the  case  of  a  parallel  diffuser 

a3  7*3  =  °9.  T1  an^  ^3  ?3  =  ^2 

1  1 
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Hence  we  get 

v2  (v2  -  b2  cot  <£)  _  -p  522  cosec2 
9  ~^7~ 


2  v22  -  2  v2  62  cot  <£  -  Fx  622  cosec2  <j> 

2)  [V  +  V-  2  «a  62  cot  ^  +  V  cot2  <£]  =  H  .  2 


-  V  coseeH    FX  +          >    =  2  ?  H, 
and  putting  &2  =  |  \/^  H 


cosec2  ^>=0      .     (30) 


Giving  v2  as  a  function  of  H,  whence  substituting  for 
v92  in  Nm  =  ^— =-,  we  obtain  an  expression  for  manometric 

V 

efficiency  in  terms  of  the  variable  <£. 

If  the  fan  has  a  volute  and  chimney,  but  no  diffuser,  and 
we  suppose  that  cv  =  a2,  then  equation  (24)  may  be  put  in 
the  form 

2  v22  -  2  v2  b2  cot  </>  -  Fl  If  cosec2  </>  -  b22  -  F2  (v2  -  b2 


Let  cd  =  \*Jg  H.     Then,  since  ^>2  =  J  v/^_  H, 
V  (2  -  F2)  -  v2  v/^'H  co 


-^  H    2|  J-  +      cosec2  ^>  +    2  cot2  </>    =0     .     (31) 
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Thus  we  can  find  v2  in  terms  of  H,  and  subsequently 
N,M.  in  terms  of  <f>. 

If  on  the  other  hand  c0  =  ^  azt  and  there  is  no  chimney, 
then  equation  (24)  becomes 

2  v22  -  2  v2  b2  cot  c£  -  F!  />22  cosec2  4>-b22-%  (v2  -  b2  cot  </>)2 


since  Q  is  now  the  velocity  of  discharge  from  the  volute, 
and  therefore 

=  2  (v2-l>2 


+  FJ  cosec2  <£  +  cot2  <£   l  +    2      =  2  g  H, 
and  putting  62  =  \  >J  g  H 


-  \  g  H    Q  +  F!  cosec2  0  +  cot2  </>   J  +    2      =  0      (32) 


A  quadratic  in  v2  which  ultimately  gives  Nm  in   terms 
of  </>  by  the  application  of  equation  (25a). 

If  there  is  a  diffuser,  volute,  and  chimney,  and  if  r3  =  &r2, 

so  that  «3  =  -^  and  b3  =  -|,  then  from  equation  (25) 

2  va2  -  2  1;2  b2  cot  </>  -  Fx  622  cosec2  <#> 
V     F  (tfr  -  62  cot  ^>)2     0H 
F  ~F~        -64" 

since  cr  =  a  =  a    and  cd  =  -  Vr  H 
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and  putting  bz  =  |  \/#  H 

we  obtain     vf  fa  -  ~   -  v2  >/0H  cot  0      _ 


(33) 


Which  gives  v2  in  terms  of  </>  and  H.     Hence  we  can  find 
the  manometric  efficiency  in  terms  of  <£. 

The  values  of  Fr  F2  that  agree  best  with  practice  are 
both  J.     Substituting  this  in  (28),  we  obtain 


=2#H    .     .     .     (34) 
from  which  the  following  table  is  calculated  :  — 

0  =  15  v2=2-49>/<7H  Nm  =  0-16  r?  =  0'65 

=  30                 1-77  0-32  0-63 

=  45                 1-60  0-39  0-57 

=  90                 1-51  0-44  0-44 

so  that  the  efficiency  of  an  open-running  fan  without  dif- 
fuser  or  volute  is  very  low  unless  the  vanes  are  curved 
backwards,  arid  it  must  be  remembered  that  to  get  the 
mechanical  efficiency  of  engine  and  fan  we  must  multi- 
ply 1)  by  0*85  on  the  average,  so  that  the  greatest  mechani- 
cal efficiency  of  the  combination  is  0'56  per  cent.  Taking 
next  the  case  of  the  open-running  fan  with  a  diffuser  whose 
sides  are  parallel  and  whose  external  radius  is  \\  that  of 
the  fan,  that  is 

vU** 

equation  (30)  becomes 

1-28  v22  -  0-28  v2  N/^'Hcot  $ 

-#H(2  +  0-211cosecc£2)  =  0     .     .     .     (35) 

which  gives  the  following  table  :  — 

0=15  v2  =  2-46vVH  Nm  =  0-17  7?  =  0-68 

30                 1-69  0-35  0-72 

45                  1-49  0-45  0-68 

90                  1-31  0-58  0-58 
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so  that  the  highest  possible  mechanical  efficiency  of  engine 
and  fan  would  be  61  per  cent.  It  must  clearly  be  under- 
stood that  <£  is  not  the  vane  angle,  but  the  angle  of  flow, 
and  this  will  probably  be  from  15  deg.  to  30  deg.  greater 
than  the  vane  angle.  When  the  fan  has  no  diffuser  but  a 
volute  and  chimney,  and  the  former  of  such  a  section  that 
C0  =  a2,  then  (31)  becomes 


(36) 


9  =  0-72 
0-81 
0-83 
0-82 
0-80 
0-78 

giving  a  maximum  efficiency  of  engine  and  fan  of  70  per 
cent. 

If,  however,  there  is  no  chimney,  but  the  air  is  dis- 
charged direct  from  the  volute,  and  cv—  J  a2,  then  (32)  be- 
comes 

1-47  v2  -  0-469  v2  JgE cot  <f> 
-gtf.  (2-28  +  0-164  cot2  <£)  =  0    .     .     .     (37) 

which  gives  us  the  following  table  : — 

30  1-67  0-36  0-74 

45  1-46  0-47  0'71 

90  1-24  0-65  0-65 

giving  a  maximum  efficiency  of  engine  and  fan  of  63  per 
cent. 

Finally,  if  there  are  diffuser,  volute,  and  chimney, 

1-92  v22  -  0-92  cot  </>  v2  JgH 

-#  H  (2-2 +  0-051  cot2  <£)  =  0    .     .     .     (38) 


1  -875  V  -  0-875  cot  </»  vz  Jg  H 

-<7H(2' 

'297  -1  —    •--  )  =  0 

from  which 

we  obtain 

<£=    15 

v2  =  2-43N/ 

fgH       Nm  =  0-17 

30 

1-62 

0-38 

45 

1-38 

0-53 

90 

1-11 

0-81 

120 

0-98 

1-03 

135 

0-91 

1-20 
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and  we  get  the  following  table  :  — 

<£=    15         v2  =  2-4W<7~H        Nw  =  0172        ^  =  0-75 

30  1-59  0-39  0-86 

45  1-35  0-55  0-87 

60  1-22  0-67  0-87 

90  1-07  0-87  0-87 

120  0-94  1-13  0-87 

135  0-87  1-32  0-84 

giving  a  maximum  efficiency  of  engine  and  fan  of  74  per 
cent. 

A  fan  designed  in  this  manner  would  require  a  very  long 
chimney,  as  the  taper  of  a  chimney  cannot  be  very  great,  in 
order  to  reduce  the  velocity  of  the  air  to  so  low  a  value  as 
i  N/0ST  We  shall  therefore  consider  the  case  in  which  the 
external  radius  of  the  diffuser  is  1  J  that  of  the  wheel,  and 
the  velocity  cv  in  the  volute  is  \  ay  Equation  (25)  then 
becomes,  when  we  put 

Vz  —  bz  COt  <t> 


and 


-  g  H  (2-16  +  00625  cot2  <£)  =  0     .     .     (38a) 
from  which  we  obtain  the  following  table  :  — 


15  v2  =  2-4 

30  1-60  0-39  0-85 

45  1-35  0-55  0-87 

90  1-08  0-86  0-86 

120  0-96  1-09  0-84 

135  0-88  1-29  0-82 
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CHAPTER  IV. 

Theoretical  Characteristics  of  Fans. — If  Nm  is  the  mano- 
metric  efficiency  =  ^—$,  and  —r—=-  =  0  the  orifice,  then 


o    .     .     (22) 
may  be  put  in  the  form 

jJ-+^t-R.O'-S  =  o     .     .    .    (39) 

•Nm       *J»m 

which  is  a  quadratic  in   -  •==.  ,  of  which  the  solution  is 


'    -    (40) 


If  a  curve  is  drawn  with  O  as  abscissa  and  Nm  as  ordinate, 
and  another  with  O  as  abscissa  and  the  mechanical  efficiency 
of  the  fan  alone  as  ordinate,  we  get  two  characteristic 
curves,  which  are  very  useful  in  showing  the  merits  of  the 
design. 

We  shall  now  consider  the  characteristic  curves  of  a  fan 
with  a  volute  and  chimney,  but  no  diffuser,  and  having 
</>  =  30  deg.  Assume  that  the  external  radius  of  the  wheel 
r2  is  three  times  the  internal  radius  r1?  and  that  the  velocity 
of  inflow  bl  is  radial,  and  equal  to  O5  \/#H  when 


(14) 


/.  cot  0=  1-08. 


Also  at  this  orifice  cv  =  a2  =  v2  -  b2  cot  <$>  =  (1-62-0-5 
x  1-73)  \/#H  =  076  \/#H,  so  that  at  any  discharge  we 
shall  always  have 
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because  if  A1?  A2,  etc.,  are  the  sections  of  passages  in  a 
machine  through  which  a  liquid  flows,  and  Vp  V2,  etc.,  the 
corresponding  mean  velocities  of  flow,  then 

i       1  2       2  3      3  *       V       / 

Again,  if  cd  =  |  >Jg  H  when  62  =  J  ->/<?  H, 

<*-**» 

so  that  (24)  becomes 

/v  2 
2  v22-  2  v2 62  cot  </>  -  ( -| —  §  va 62  cot  0  +  Z>22  cot2  0 

-  ^  622  cosec2  <£  —  [622  -f-  (v2  -  62  cot  <£  —  1  -52  62) 
-  0-289  622  -  0-0625  &92  =  2  ^  H. 

So  that 

-L  +|(3  04  +  §  cot  0)-^=- 

iNm  V^/H     VJNm 

,7,  2 

-  |  (cot2  0  +  1-J  cot2  <£  +  3-04  cot  <#.  +  3-79)  -^  -  ]  =  0. 
Putting  </>  =  30,  cot  0  =  1  -08,  this  becomes 

^-  +  4-23-A-     -L_15-3A__9  =  0 
and  thus 


-4-23-^2 

g~    v          -*= =^g  =  m.   (43) 

From  \\hich  we  can  find  m,  and  thence  t),  so  that 
Table  2  is  readily  obtained ;  only  it  must  be  remembered 
that  for  small  orifices  the  fan  efficiency  is  really  less 
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than  g  H-=-«2  v2,  owing  to  external  friction  between  the 
outer  surface  of  the  wheel  casing  and  the  air,  or,  if  the 
wheel  is  open  at  the  sides,  between  the  fan  casing  and  the 
air,  which  friction  oc  v22  in  any  fan,  and  the  work  wasted 
oc  v23.  If  the  efficiency  were  equal  to  g  H  -f-  a,  v2,  then  at 
zero  orifice  it  would  be  equal  to  Nm,  whereas  its  real  value 
is  zero. 

TABLE  2.-VARIATION  OF  MANOMETRIC  AND^  AIR 
EFFICIENCY  WITH  v2-r  x/tf  H  AND  b2  + 


&2 

V9 

Nm. 

f\' 

VgrH" 

^gR 

0 

1-50 

0-44 

0 

o-i 

1-35 

0-55 

0-63 

0-2 

1-32 

0-57 

0-78 

0-3 

1-37 

0-53 

0-86 

0-4 

1-48 

0-46 

0-86 

0-5 

1-62 

0-38 

0-82 

0-6 

1-79 

031 

0-74 

08 

2-17 

0-21 

0-59 

1-0 

2-58 

0-15 

0-46 

1-5 

3-67 

0-074 

0-25 

2-0 

4-80 

0-043 

0-16 

If  (f)  =  90  deg.,  then,  when  there  is  no  shock  at  inflow, 
=  I'll  Jg  H,  and  therefore 


also  at  this  orifice  cv  =  «2 
1-11 

•••  *-o^  ' 

and 


>2  =  l-llx^H; 

2-22  \  at  all  orifices, 

_\ 
rf-4> 
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so  that  (24)  becomes 

2  V  -  (^  -  f  ^2  h  cot  B  +  V  cot2  0)  -  i  622  cosec2  </> 

-  [V  +  fe -  2-22  6)2]- 0-616  V-^=  2#  H. 
fv22  + 4-93  v262- 7-28  &22-2#H  =  o 
v22  +  5-54  v262- 8-19  622-f#H  =  0 

that  is,     ^-  +  5-54  -2==,-^=  -  8:19  ^  - 1  =  o 
Nm  VNm  \/^  H  ^  H     4 


.*.  m 


x/N, 


(44) 


from  which  we  obtain  Table  3. 

TABLE  3.— VARIATION  OF  MANOMETRIC  AND  AIR 
EFFICIENCY  WITH  £2  v-  ^H  AND  v2-f  ^H. 


J^_ 

A/0H' 

"2 

*^H 

Nw. 

*/• 

0 

1-50 

0-44 

0 

o-i 

1-27 

0-62 

0-62 

0-2 

1-14 

0-76 

0-76 

03 

1-09 

0-85 

0-85 

0-4 

1-08 

0-86 

0-86 

0-5 

Ml 

0-82 

0-82 

0-6 

1-16 

0-75 

0-75 

0-8 

1-30 

0-59 

0-59 

1-0 

1-48 

0-45 

0-45 

1-5 

2-00 

0-25 

0-25 

2-0 

2-57 

0-15 

0-15 
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If  </>  =  135,  then,  when   there   is   no  shock  at  inflow, 
=  0-91  \/#H,  and  therefore 


cot  e 


0-606. 


Also  at  this  orifice 

cv  —  a2  =  t?2  —  62  cot  <£  = 

so  that  C|,  =  2-82  62  at  all  orifices,  and  Cd  =  &2-^-4,  so  that 
(24)  becomes 

2v22  -  2  v2  b2  cot  </>  -  ^  -  f  v2  62  cot  6  +  622  cot2  ^  \ 


and  thus 


!+  6-043 vzb2-  5-983 622 - 
-6-7; 

-6-80     ^ 


+  9 


2 


(45) 


from  which  Table  4  is  calculated. 


TABLE  4.—  VARIATION  OF  MANOMETRIC  AND  AIR 
EFFICIENCY  WITH  b2+  ^gR  AND  v2-f  ^H. 


h 

V2 

Nm- 

"n- 

^H 

^^H' 

0 

1-500 

0-44 

0 

0-2 

1-045 

0-91 

0-77 

0-4 

0915 

1-20 

0-83 

0\> 

0-911 

1-21 

078 

0-8 

1  015 

0-97 

0-54 

1-0 

1-130 

0-78 

0-41 

2-0 

1-880 

0-28 

0-137 
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Hence  in  this  type  of  fan  there  is  a  considerable  advantage 
in  making  the  vanes  curve  forward  at  discharge— that  is, 
in  making  <f>  equal  to  or  greater  than  90  deg.  It  fre- 
quently happens  that  the  orifice  at  which  a  fan  has  to 
work,  during  the  time  it  is  in  use,  is  not  constant;  for 
example,  owing  to  the  enlargement  of  a  mine,  more  air 
may  be  required  at  the  same  gauge.  Now,  with  vanes 
having  </>  greater  than  90  deg.,  the  manometric  efficiency 
between  the  orifice  at  which  J2  =  0-4v/^H  and  that  at 
which  62  =  0*8\/^H  is  more  nearly  constant  than  when 
<£  =  30  deg.  Further,  this  type  of  fan  must  have  an 
efficient  chimney,  in  which  the  gain  of  pressure  head  is 
equal  to  the  loss  of  velocity  head.  It  will  be  seen  later 
that  this  can  only  be  obtained  with  a  uniform  flow  and 
a  proper  inclination  of  the  sides  of  the  chimney. 

If  the  fan  has  a  diffuser,  its  efficiency  at  a  given  orifice 
will  be  practically  the  same  when  <£=135  deg.  as  when 
<f>  =  30  deg.,  because  the  principal  cause  of  difference  is  the 
loss  of  head  in  the  volute,  due  to  friction ;  the  effect  of  the 
diffuser  being  to  reduce  the  loss  of  head,  owing  to  the  re- 
duced speed  in  the  volute.  Where  there  is  not  space  to 
fit  a  good  chimney  (e.g.,  on  board  ship),  then  a  fan  must 
be  used  in  which  cv  =  ^az,  and  <£  =  30  deg.,  so  that  a  high 
efficiency  may  be  obtained  at  a  constant  orifice ;  the  vane 
angle  at  discharge  might  then  be  about  15  deg. 

The  reader  may  possibly  imagine  that  Tables  3  and  4 
might  be  altered  by  a  change  in  the  ratio  6X  -f-  b2.  This,  how- 
ever, is  not  the  case,  because  6,  cot  6  =  v1  when  62  =  0'5  *Jg  H  ; 
hence  the  term  b^  cot  0  will  be  unchanged  whatever  b^b^ 
may  be.  In  the  above  we  have  assumed  that  the  external 
radius  r2  of  the  wheel  is  three  times  the  internal  r1?  and  a 
change  in  this  will  slightly  affect  the  coefficients  of  vz  fta,  £22, 
and  gH.  But  whatever  the  ratio  r2~^ri  may  be,  the  rea^ 
manometric  efficiency  at  zero  orifice  should  not  differ  much 
from  \,  because  the  air  within  the  eye  is  really  rotating 
with  the  same  angular  velocity  as  that  within  the 
fan,  and  under  these  circumstances  v2=  \/2  g  H.  When 
52  =  0-5\/(/H  the  mechanical  and  manometric  efficiencies 
are  entirely  independent  of  rz-rrv  because  v1  —  &x  cot  0  =  o. 
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Volumetric  Efficiency.  —  If  a  fan  were  made  very  large  in 
proportion  to  its  discharge,  it  would  give  a  high  mechanical 
efficiency,  owing  to  the  fact  that  the  loss  due  to  the  friction 
of  air  in  the  passages  would  be  extremely  small  ;  but  the 
cost  of  such  a  fan  would  probably  more  than  outweigh  the 
advantage  thus  obtained.  It  is,  therefore,  necessary  for 
designers  to  have  another  ratio,  which  is  usually  called  the 
volumetric  efficiency,  which  compares  the  discharge  with 
the  tip  speed  ?'2  and  the  dimensions  of  the  fan.  Let  Q  be 
the  discharge,  r2  the  tip  speed,  and  rz  the  external  radius 
of  the  wheel  ;  then,  if  the  fan  has  one  eye,  the  volumetric 
efficiency  is 


and  if  it  has  two  eyes—  i.e.,  one  on  each  side  — 


A  radial  or  mixed  flow  fan  having  a  small  diameter  and 
moderate  breadth  at  outflow  may  have  a  higher  volumetric 
efficiency  than  one  which  has  a  large  diameter  and  small 
breadth,  although  the  circumferential  area  through  which 
the  air  flows  may  be  the  same  in  both,  and  they  may  be  so 
designed  that  Q-M»a  ra2  may  be  the  same  for  both.  For 
this  reason  we  consider  that  a  better  measure  of  the 
volumetric  efficiency  is 

N^-Q-    ......    (47) 

**t<ji 

where   s2  is  the  breadth  of  the  wheel  internally  at  the 
external  radius. 

In  the  following  pages  we  shall  mean  by  volumetric 
efficiency  the  quantity  N»,  and  shall  denote  the  more 
correct  value  by  the  letter  Nri.  These  efficiencies  can  be 
greater  than  unity. 
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CHAPTER  V. 

Design  of  Radial  Flow  Fans.  —  Fans  may  be  divided  into 
three  classes,  viz  :  Radial  Flow  Fans  -those  in  which  the 
direction  of  flow  through  the  wheel  is  perpendicular  to  the 
axis. 

Mixed  Flow  Fans  —  those  which  have  an  axial  inflow  and 
radial  outflow. 

Screw  or  Propeller  Fans—  those  in  which  the  flow  is 
wholly  axial. 

We  shall  now  consider  the  design  of  the  Radial  Flow 
Fan. 

We  shall  first  consider  the  value  —  ^  — 


Heenan  and  Gilbert5  found  that  with  a  fan  17  in. 
diameter  and  8  in.  broad  the  discharge  was  about 
3,400  cu.  ft.  of  air  per  min.  at  the  most  suitable  orifice  ; 
the  water  gauge  was  9  '3  in.,  arid  consequently 

h  Q  3400x144 

2     27rr2.<2~7TX  17x8x60' 

and  H  =  32'23 


being  taken  as  the  mean  relative  density  of  the  air  at 
an  average  temperature  and  pressure  ; 

hence  _A_  =  0-134. 


In  Bryan  Donkin's  paper  6  a  Rateau  fan  with  an  external 
radius  of  9*8  in  ,  has  its  maximum  efficiency  at  an  equiva- 
lent orifice  of  0'4  sq.  ft.  The  equivalent  orifice 

OlS=-—  5=  =-1-088-3=  (48) 

- 


- 
0-65 
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0*65  being  an  assumed  coefficient  of  contraction.     In  the 
Rateau  ventilator 

2  TT  rz  s2  =  r22, 

fo    ^  2  Q 

so  that  ^ 


0-4x144 

/rv.o\2        u   "UJ 


so 


that  —  —a—  varies  in  practice  between  considerable  limits, 


and  we  may  assume  it  to  be  what  we  please  in  our  design. 
Again,  the  velocity  at  the  eye  of  the  Rateau  fan  is 
0'55  jg  H.  In  the  Heenan  fan  inflow  takes  place  at  both 
sides,  and  the  diameter  of  the  eye  is  9  in. ;  the  velocity  of 
inflow  is  therefore 

0-134  XTTX  8x17    /-rr  /-FT 

c0=—  -  V#H  =  0-45  </#H. 

2  x  ^  x  92 
4 

Again,  the  radial  component  of  the  velocity  of  inflow  at  the 
inner  radius  is 

fc_m~£4*!?^E_o-253 


Let  us  first  consider  the  design  of  an  open-running  fan 
which  is  required  to  deliver  60,000  cu.  ft.  of  air  per  min. 
with  a  water  gauge  of  2  in.  Here 

Q 


Assume  that  the  velocity  of  inflow  at  the  sides  is 

0-5  V^H  =  1^=33-2  ft,  per  sec. 
' 
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Let  r0  be  the  radius  of  the  eye,  then 

27rr02x33-2=1000  =  Q 

rt_    50° 

7°  "33^ 

r0=2-19ft. 

The  internal  radius  of  the  vanes  should  be  made  slightly 
larger  than  this,  say  2J  ft.  Let  the  velocity  of  inflow  be 
0*5  v'  '  g  H.  The  thickness  of  the  vanes  may  be  neglected, 
and  we  have 

1xO-5  \/#~H=1000; 


where  s^  is  the  effective  breadth  of  the  wheel  at  radius  rx 
s1=l-92ft. 

If  the  radial  component  at  outflow  62  =  0'5N/^H)  and 
the  vanes  are  made-  to  touch  the  circumference  at  the  outer 
radius,  then  we  have  alnady  shown  that  77  =  0*645  and  V2  = 
2-49  7#H  =  165  ft.  per  sec.  If  the  revolutions  N  per 
min.  are  fixed,  we  can  calculate  r  from  the  formula 


=  60  v2, 
but  if  not,  let  r2  =  2  rx  =  5  f  t.  ;  then 

AT     60x165     01. 

JN  =  —  —  -  =  315  rev.  per  mm., 

lU  7T 

and  the  effective  breadth  at  the  outer  radius 
s2  =  5l  ^  =  0-96  ft. 

r2 

It  must  be  remembered  that  if  \  does  not  =  0*5  Jg  H, 
another  value  of  v2  must  be  deduced  from  equation  (21). 
In  the  case  under  consideration, 

^  =         =  1-245 
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The  brake  horse  power  required  to  drive  the  fan  is 

Hp         62-3Qfr  62300x2 

12  x  550  x  77"  12  x  550  x  0-645 

so  that  the  indicated  horse  power  of  the  engine  is 


Next  suppose  our  fan  is  provided  with  a  diffuser;  the 
vane  should  be  a  tangent  to  the  outer  circumference,  so 
that,  allowing  for  the  divergence  of  the  air,  <£=  15  deg.,  V2 
=  2-46  V</H,N  =  312,  and 


cot 


The  diffuser  may  be  made  with  its  sides  diverging  from 
one  another  about  7  deg.,  corresponding  to  an  inclination 
to  the  vertical  of  about  ,  and  its  external  radius  is 


The  diffuser  may  either  rotate  with  the  wheel  or  form  part 
of  the  casing  ;  the  sides  of  the  wheel  should  appear  concave 
on  a  radial  section,  so  that  the  air  may  have  no  motion 
parallel  to  the  axis  when  discharged  from  the  wheel  into 
the  diffuser.  The  breadth  of  the  diffuser  at  the  external 
radius  is 


The  brake  horse  power  is  now 

BT,p  _  62-3x1000x2      18-88       ? 
~  12  x  550  x  0-685  =  0-685" 

and  '        LH. 


If  the  fan  has  no  diffuser,  or  chimney,  but  a  volute  in 
which  cv=  J  «2,  then,  as  the  highest  efficiency  is  obtained  with 
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</>  =  30  deg.,  the  vane  angle  at  discharge  should  be  15  deg., 
v2  =  1-67  v/<7  H,  N=  212  rev.  per  min.,  and  cot  0=1-67, 

I.H.P.  =  30,    a2  =  v2-b      cot    </>  = 


-67  -  —        V#  H  =  0-81  V0  H  =  53-7.    The  section  of  the 


volute  is  proportional  to  the  angu'ar  distance  from  its  beak 
E,  fig.  8,  because  the  discharge  from  the  fan  is  uniform  all 
round  the  circumference,  and  if  ^  is  this  angular  distance  in 
radians,  s  the  section,  and  S  is  its  section  at  discharge,  then 


and  S-_       =  37-3  sq.ft., 

cv      a2       53-7 

corresponding  to  a  diameter  of  6*9  ft.  The  section,  how- 
ever, need  not  be  circular  ;  a  rectangular  form  is  frequently 
used.  In  some  cases  the  wheel  discharges  into  the  centre 
of  this  section  ;  in  others,  the  volute  is  wholly  outside  the 
wheel.  If  the  fan  has  a  chimney,  then  a2  =  cp,  but  in  this 
case  it  is  possible  to  obtain  a  high  manometric  efficiency. 
We  shall  consider  the  design  in  two  cases  :  firstly,  when 
<£  =  90  deg.  ;  secondly,  when  it  is  120  deg.  In  the  former 
case,  we  believe  that  it  is  necessary  to  make  the  vane  angle 
about  105  deg.,  so  that  the  average  flow  may  be  radial,  if 
the  number  of  vanes  are  few,  say  six  ;  but  if  twelve  vanes 
are  used,  then  the  vanes  may  be  radial  at  discharge.  In 
either  case,  we  may  assume  V2  =  u2  =  l'll  *Jg  JH,  N=140 
rev.  per  min.  The  section  of  the  volute  at  discharge  is 

s     Q     1000  f 

==az  =  WQ=          Sq'ft" 

while  the  larger  end  of  the  chimney  has  a  section 

1000  .. 

124  sq.ft. 

-=23-3 
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and  I.H.P.-^-27-4 

cot  0=  I'll. 

If  <£=120  deg.  the  vane  angle  should  be  135  deg.  if 
there  are  six  vanes,  and  1  20  deg.  if  there  are  twelve  ; 
then  v2  =  0-98V#H,  N=124,  and  cot  0  =  0-98,  B.H.P.= 


ii-9  sq.  ft.     S1==124 

2  : 

sq.  ft.  as  before. 

We  now  come  to  the  case  where  there  is  a  diffuser, 
volute,  and  chimney,  and  shall  assume  <£=  120  deg.,  making 
the  vane  angle  135  deg.  if  there  are  six  vanes,  and  120  deg. 
if  there  are  twelve.  The  external  radius  r3  of  the  diffuser 
is  to  be  1J  that  of  the  wheel,  and  therefore 


N=119,    cot    6  =  0-94, 


=  21-7,  I.H.P.  =         =  25-5.     The  breadth  of  the  diffuser 
is  as  before  I'll  ft.,  and  since 

a-2  =  V2  ~  b2  cofc  <£  =  (°'94  +  0-288)  v^^H  =  1-228 
a3  =  ^?  a2  =  |  x  1-228  V^H  =  68-6. 


Hence  8  =  ^7^-  =14'5  sq.  ft.,  and  the  large  end  of   the 
chimney  124  sq.  ft.  as  before. 

It  is  the  practice  of  some  fan-makers  to  make  the  sides 
of  the  wheel  parallel,  because  no  doubt  it  is  very  much 
cheaper  ;  there  must  be,  however,  a  considerable  loss  of 
head  at  inflow  owing  to  eddy  formation.  On  the  other 
hand,  there  is  less  loss  of  head  at  outflow  from  the  wheel 
owing  to  &22-^2<7  being  very  much  less  than  b12-^-2g. 
Anyone  who  has  read  the  above  designs  will  have  no 
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difficulty  in  calculating  the  dimensions  of  such  a  fan ;  but 
to  be  strictly  accurate  he  must  not  assume  any   of  the 

tabulated  values  of     /""%'  but  must  find  them  from  equa- 
tions (21)  to  (25),  substituting  the  correct  value  of     f=, 

*Jg  ti 

b  2 
and  in  these  equations  a  term  F3  ^-  should  be  added  to  the 

left  hand  to  represent  the  additional  loss  of  head  at  inflow 
and  in  the  wheel. 

Design  of  Mixed-flow  Fans. — In  the  previous  designs  we 
have  supposed  that  inflow  takes  place  from  both  sides,  and 
when  a  fan  is  forcing  air  into  closed  passages  there  is  no 
reason  why  this  should  not  be  the  case  ;  but  when  the  air 
is  being  drawn  from  passages  it  is  more  convenient  to  erect 
the  fan  with  inflow  from  one  side,  when  the  area  of  the  eye 
must  be  made  twice,  and  consequently  the  radius  1*414 
times,  as  great  as  that  of  a  fan  taking  air  from  both  sides. 
The  ratio  of  the  external  to  the  internal  radius  of  the 
wheel  cannot  be  rigidly  fixed.  The  vanes  seize  upon  thfl 

B 


zirr 

FIG.  11. — DEVELOPMENT  OF  A  SCREW. 

air  immediately  it  enters  the  eye  of  the  fan,  although  there 
is  a  mouthpiece  before  the  eye  whose  object  is  to  make  the 
velocity  of  inflow  as  uniform  as  possible  over  the  whole  area. 
The  angle  6  must  therefore  vary  with  the  radius,  because 

t',     r  to 

cot  0  =  ^^j- , 
bi     bi 

where  w  =  angular  velocity  of  wheel  in  radians  per  sec. 

2  TT 
=  --  x  N,  N  being  the  number  of  rev.  per  min. 
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But  r  varies  from  zero  at  the  centre  to  rl  at  the  outer 
radius  of  the  eye.  Now,  if  a  spiral  of  pitch  p,  fig.  11,  and 
radius  2  TT  r,  be  traced  round  a  cylinder  and  the  cylinder 
developed,  one  turn  of  the  spiral  will  give  us  the  line  A  B, 
whose  inclination  a  to  a  line  perpendicular  to  the  axis 
gives  us 

27rr 
COta= . 

f 

Now,  if  a  number  of  these  spirals  are  traced  with  different 
values  of  r,  it  is  clear  that  the  cotangent  of  the  angle 
increases  as  r,  and  the  surface  generated  by  joining  all 
these  spirals  by  lines  perpendicular  to  the  axis  is  called  a 
helical  or  screw  surface.  A  straight  line  which  passes 
through  and  is  perpendicular  to  the  axis,  and  which  rises  a 
distance  p  with  uniform  velocity  while  it  makes  a  complete 
turn  with  uniform  velocity,  will  also  trace  a  helical  surface. 
A  true  helix  is  usually  generated  in  this  way,  but  a  surface 
traced  by  a  curve,  whose  plane  contains  the  axis,  and 
whose  outer  end  is  on  a  cylinder  having  this  axis,  this  end 
tracing  a  spiral  on  the  cylinder,  will  also  trace  a  surface, 
any  cylindrical  section  of  which  will  give  a  spiral  in 
which 

2wr 

C0ta  = , 

P 

and  the  end  of  each  vane  of  a  mixed-flow  fan  must  be 
a  surface  of  this  description.  It  should  then  guide  the  air 
round,  so  that  it  may  flow  in  planes  perpendicular  to  the 
axis  of  the  fan. 

As  the  Rateau  fan  is  the  best  illustration  of  a  mixed- flow 
fan  with  which  we  are  acquainted,  we  shall  now  describe  it 
and  give  its  proportions  (figs.  12,  13).  The  fan  centre 
consists  of  a  cast-iron  wheel  A,  upon  which  the  vanes  are 
fixed.  A  is  formed  by  the  revolution  of  the  arc  of  a  circle 
about  the  axis.  At  the  eye  it  is  conical,  and  at  the 
periphery  it  is  normal  to  the  axis.  In  small  fans  the  vanes 
are  placed  in  the  mould  when  A  is  cast,  and  in  larger  sizes 
they  are  held  to  it  by  angle  irons.  The  number  of  vanes 
is  20  to  24  for  small  fans,  and  24  to  30  for  large.  The 
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edge  c  d  of  the  vanes  is  as  close  to  the  casing  as  possible, 
and  c  d  is  calculated  so  that  the  relative  velocity  of  the  air 
between  the  vanes  either  remains  constant  or  increases 
slightly  from  inflow  to  outflow.  The  fan  centre  is  fixed 
to  the  end  of  the  shaft,  and  the  air  is  guided  at  inflow  by 
the  conical  end  a  fa,  and  also  by  the  conical  or  bell-mouthed 
inlet  Q  Q;  with  this  arrangement  the  velocity  of  inflow 
over  the  whole  section  is  nearly  uniform.  The  casing 
contains  diffuser  and  volute,  which  ends  in  a  conical 
chimney.  The  diffuser  increases  slightly  in  width  from 
inflow  to  outflow,  and  is  spiral  in  form  instead  of  circular, 
its  height  increasing  in  proportion  to  the  angle  measured 
from  the  radius  through  C  to  the  bottom  of  the  chimney. 
This  necessitates  a  volute,  whose  cross-section  S  increases 
according  to  the  law  :  — 


where  ^  is  the  angle  in  radians  measured  from  the  radius 
through,  C.  The  kinetic  energy  of  the  air  is  thus  reduced, 
and  its  pressure  increased. 

It  is  claimed  by  the  inventor  that  the  above  arrangement 
gives  better  results  than  a  circular  diffuser,  and  a  volute 
whose  section  increases  in  proportion  to  ^.  The  fact  that 
these  fans  usually  receive  the  air  on  one  side  makes  the 
installation  easier,  and  avoids  sharp  corners  before  the  eye 
of  the  pump.  However,  the  wheel  is  not  then  completely 
balanced,  and  means  have  to  be  taken,  such  as  the  adoption 
of  a  collar  bearing,  to  prevent  end  motion.  This  lateral 
pressure  is,  however,  only  very  small,  because  care  is  taken 
by  means  of  the  casing  to  isolate  the  atmospheric  pressure. 
In  consequence,  the  re-entry  of  air  through  the  clearance 
which  exists  between  the  periphery  of  the  fan  and  the 
internal  circumference  of  the  diffuser  is  prevented,  and 
the  pressure  behind  the  fan  is  lowered  much  below  that  of 
the  atmosphere,  so  that  the  wheel  is  only  very  slightly 
pressed  towards  the  suction  side  ;  this  is  sometimes  com- 
pletely balanced  by  the  centrifugal  force  of  the  air  on  the 
curved  cast-iron  surface  of  the  fan. 

4 
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The  vanes  are  of  wrought  iron,  and  are  stamped  in  a 
mould.  They  are  very  rigid  in  consequence  of  their  curva- 
ture in  every  direction,  which  is  such  that  the  trajectory  of 
every  particle  of  fluid  has  an  almost  constant  curvature. 
This  is  of  great  importance  in  lessening  eddies. 

Fig.  15  shows  the  geometrical  construction  of  the  vanes : 
K  0  is  the  axis  of  the  fan  shaft,  and  circles  passing  through 
S,  P,  Q,  R  have  radii  equal  to  the  external  radius  of  the 
fan,  while  P  R  is  the  breadth  of  the  vane  at  the  tip.  Take 
a  point  B  on  the  circle  S,  and  through  it  draw  arcs  Be, 


FIG.  14. — PERSPECTIVE  VIEW  OF  RATEAU  FAN. 

B  0 ;  the  angle  made  by  the  arc  B  e  with  the  tangent  at 
B  is  45  deg.  for  a  fan  of  type  A  (see  Table  5),  which  is 
generally  the  angle  made  by  the  vane  at  the  external 
radius  r2  with  the  tangent.  The  rotation  in  the  figure  is 
supposed  to  take  place  from  B  to  the  right,  so  that  if  vanes 
curved  backwards  are  used  the  centre  of  B  e  would  lie  on 
the  opposite  side.  The  circular  arc  B  C  makes  an  angle 
C  B  D  with  the  line  B  D  parallel  to  the  axis,  such  that,  if 
bl  is  the  intended  velocity  of  the  air  at  normal  speed,  and 
tfa  is  the  peripheral  speed  at  the  extreme  radius,  then  tan 
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C  B  D  =  vjbv  and  this  will  ensure  that  at  any  point  on 
the  arc  B  e  the  air  will  meet  the  edge  of  the  vane  when  the 
fan  is  running  at  the  orifice  for  which  it  is  designed.  In 
tracing  out  the  surface  of  the  vane,  the  arc  B  e  moves  with 
B  on  the  arc  B  C,  and  e  on  the  cylindrical  surface,  with 

K 


Li—- 1 


R 


D 
FIG.  15. — GEOMETRICAL  CONSTRUCTION  OF  VANES. 

ex  as  radius  and  K  O  as  axis ;  the  whole  of  this  surface  is, 
however,  not  required  for  the  vane.  Imagine  abed  to 
sweep  round  the  axis  K  0  and  to  cut  out  a  portion ;  this 
forms  the  vane,  a  d  being  the  part  near  the  eye  and  b  c  that 


52  CENTRIFUGAL  FANS 

near  the  periphery,  while  K  a  forms  the  cone  at  the  eye. 
This  construction  may  therefore  be  used  for  any  type  of 
mixed-flow  vane,  whatever  the  angles  6  and  (ft  have  to  be. 
In  Table  5  the  proportions  of  these  fans  are  given,  and 
in  fig.  14  is  shown  a  perspective  view  of  a  Rateau  fan,  with 
part  of  the  casing  removed  to  show  the  vanes. 

To  design  a  fan  of  this  type  for  a  water  gauge  of  8  in.  and 
180,000  cu.  ft.  per  mm.,  we  shall  assume  that  the  velocities 
of  flow  bv  b2  are  0-5  *Jg  H — thus, 


b2  =  \  =  0-5  ^32-2  x  T%  x  820  =  66-3  ft.  per  sec., 
so  that  the  area  0  of  the  suction  orifice  (Table  1) 


ra  =  6-73  ft.,  ^  =  0-6  r2  =  4'04  ft.,  and  the  radius  of  cone 
p  =  1  -68,  so  that  the  external  diameter  of  the  fan  is  13-46  ft. 
The  vanes  are  curved  forwards,  so  that  <£=135  deg.,  and 
12  vanes  are  used,  so  that  we  may  assume  the  angle  of  flow 
practically  coincides  with  the  angle  of  the  vane. 

What  is  the  best  number  of  vanes  for  a  given  fan  is  a 
question  that  we  are  unable  to  answer,  as  no  experiments 
have  been  published  upon  this  subject,  and  designers  differ 
widely  on  the  point.  Up  to  a  certain  limit,  the  greater  the 
number  of  vanes  the  higher  the  water  gauge,  but  a  point 
must  be  reached  at  which  additional  surface  friction  not 
only  reduces  the  efficiency,  but  reduces  the  gauge. 

It  will  be  noticed  that  the  width  of  the  vane  at  outflow, 
which  we  denote  by  s2,  is  0-16  r2,  so  that  the  cylindrical 
surface  through  which  the  air  leaves  the  fan  at  radius  r2  is 
27rxO'16r22,  which  is  very  little  greater  than  r22.  The 
final  depth  of  the  diffuser  spiral  D  is  3  -365  ft.,  so  that  the 
radius  at  that  point  is  10-09  ft.  =  r3,  and  as  the  tip-speed  of 
the  wheel,  from  (38), 


2  =  0*87  ^^H,     N  =  1  65  rev.  per  min. 
z=  (0-87  +  J)v^TH  =  182  ft.  per  sec., 

8  =  aa-^s=-pg-=121  ft.  per  sec., 
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TABLE  5.— PROPORTIONS  OF  RATEAU  FANS. 
(The  radius  of  the  fan  is  denoted  by  r2.) 


TYPES. 

A. 

For  large  volumes 
and  small 
pressures  (see 
figs.  5,  5a). 

B. 

For  moderate 
volumes  and 
pressures. 

C. 

For  small 
volumes  and 
high  pressures. 

SUCTION  ORIFICE  — 

External  radius 

r 

0-6  r2 

0-5  r2 

0'4r2 

Radius  of  cone  ... 

P 

0'25r2 

0'25r2 

0'25r2 

Area  of  suction  orifice  .. 

0 

r22 

0'6r22 

0'35r22 

VANES  — 

Initial  inclination  at  the 

circumference    of    the 

suction  orifice  with  the 

axis 

p 

45° 

45° 

45° 

Final  inclination  at  the 

circumference    of    the 

fan  with  the  rods 

a 

45° 

60° 

60° 

DEPTH  OF  VANE  — 

At  inflow 

! 

0'40r2 

0-28  r2 

0'19r2 

At  outflow 

s!, 

0'16r2 

0'08r2 

0'054r2 

DlFFUSER  — 

Width     

% 

0'175r2 

0-09  r2 

0  05  r2 

DEPTH  OF  SPIRAL  — 

Initial     

d 

0'10r2 

0-10  r2 

0'10r2 

Final       

D 

0-50r2 

0-50r2 

0'50r2 

Inclination  of  one  face  to 

another 

y 

4°+  3° 

4°  +  3° 

3°  +  2° 

Approximate   length    of 
the  spiral* 

x 

9'2  r2 

9-2  r2 

9'2r2 

VOLUTE  — 

Formula  giving  the  sec- 

tions as  functions  of  the 

arc  of  the  spiral  x  f  ... 

s 

Q'5x(l  +  Q-8x)0 

Q'45x(l  +  x)0 

0-40ic(l  +  l-2a;)0 

CHIMNEY  — 

Height:             

L 

5  to  7  r2 

5  to  7  r« 

5  to  7  r2 

Angle  of  chimney         ...  0 

7° 

6° 

5° 

*  The  end  of  the  spiral  is  at  a  distance  r2  from  the  point  which  is  on  a  radius 
passing  through  the  origin  of  the  spiral. 

t  x  is  the  ratio  of  the  length  of  the  arc  of  the  spiral  from  the  origin  to  the  point 
at  which  the  section  is  to  be  calculated  to  the  total  length  of  the  spiral  A. 

x  may  be  calculated  as  a  function  of  the  angle  w  between  two  radii  passing  through 
the  origin  of  the  spiral,  and  the  point  of  the  spiral  where  the  section  is  to  be  calculated 

by  the  following  formula  :  x=  ~  ( 1+-^,AV  the  angle  w  being  expressed  in  degrees. 

480   \        19oU/ 

I  Calculated  from  the  end  of  the  spiral. 
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and,  according  to  our  theory,  this  is  the  velocity  in  the 
volute  for  a  fan  with  a  very  long  chimney  which  will 
reduce  the  velocity  to  a  low  value.  Hence,  following  our 
theory,  the  section  of  the  volute  at  discharge 

24.8  sq.ft.;  . 

while,  according  to  Table  5, 

s  =  0-5z(l+0-8;c)r22, 

and  x  =  1  when  s  =  S  =  0-5  x  1-8  x  45-3  =  40-7  sq.  ft.  Accord- 
ing to  our  theory  the  section  of  the  chimney  would  be 


and,  assuming  the  section  of  volute  and  chimney  square, 
the  chinine}'  would  require  to  be  long  enough  to  alter  the 
side  of  the  square  from  4*98  ft.  to  13-42  ft.,  which,  with  a 
total  taper  of  7  deg.,  would  require  a  chimney  whose  height 
was 

T      13-42-4-98       8-44  c 

L=       tan  7°      "  00228  =  69  ft"  near1^ 

=  10-2r2, 

instead  of  5  to  7  times  r2  (Table  5).  In  this  case  the  brake 
horse  power 

62-3x8x180000 
~  12x33000xO-84~ 

I  HP       27°      318 
LH-P'=0-85  =  318- 

If,  however,  we  assume  a  diffuser  in  which  rs  =-•  1  -5  ?2,  and 
that  cv  =  ±  ay  the  chimney  will  be  greatly  reduced  in 
height.  The  values  of  rv  r2  are  the  same  as  before,  but, 
from  (38a), 


N=167  rev.  per  min. 
«2=  1-38  \/</H=  183  ft.  per  sec., 

=61  ft.  per  sec., 
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hence  the  section  of  the  volute  at  discharge 
3000 
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=  49-2  sq.ft., 


which  would  form  a  square  whose  side  is  7-01  ft.,  so  that 
the  length  of  the  chimney  would  require  to  be 

_  13-42-7-01        6-4 

tan  7°      ~  0-1226  "^  ft' 


'         33000x12x0-82  '       '''  ' 

In  the  first  case,  the  angle  6  that  the  vanes  at  the  outer 
radius  of  the  eye  make  with  a  tangent  to  the  direction  of 
motion  —  i.e.,  with  a  line  perpendicular  to  both  radius  arid 
axis  —  is  given  by 

vl       0-6  v2       06x0-87 
~^  =  0-5^H==    ~^5~ 
=  1-04, 
and  in  the  second, 

f  ,     0-6  x  0-88 
cot  0  =  —  fr-=  —  ^1*06, 

U'O 

so  that  6  is  as  nearly  as  possible  45  deg. 

Theory  of  the  Spiral  Diffuser  and  Volute,.  —  Let  r.A  be  the 
radius  of  the  diffuser  at  an  angle  ^  from  its  commencement, 
and  let 


where  p  and  q  arc  constants. 

Then  a3  = 

f/2 

Since  the  moment  of  momentum  of  a  particle  of  air  in 
its  passage  through  the  diffuser  is  constant  —  that  is,  the 
velocity  at  any  point  varies  inversely  as  the  radius,  so  that 
the  curve  of  flow  is  an  equiangu'ar  spiral. 
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Let  A,  fig.  16,  be  the  point  where  the  particle  leaves  the 
wheel,  and  let  the  radius  r2  at  this  point  make  an  angle 
$w  with  the  radius  passing  through  the  point  of  commence- 
ment of  the  diffuser.  Further,  let  B  be  the  point  where 
the  particle  enters  the  volute,  so  that  A  B  is  an  equiangular 
spiral.  Let  A  B  subtend  an  angle  a  at  C ;  then  if  r  is  the 
radius  at  any  point  X  on  A  B,  and  r+S  r  the  radius  after 
the  particle  has  moved  a  distance  corresponding  to  8  s  along 
a  circular  arc,  subtending  8  a  at  C,  it  follows  that — 


and.-.  Sa  =  p.~.     Thus, 


FIG.  16.— VELOCITY  IN  THE  VOLUTE. 

Let  s  be  the  section  of  the  volute  made  by  a  plane  pass- 
ing through  the  axis  and  C  B.  Then  the  section  s  has  a 
quantity  of  air  passing  through  it  per  sec.,  represented  by 
the  quantity 
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and  we  may  suppose  its  velocity  to  be  either  a2  or  J  a3  at 
this  section.     Hence 


/    _  a^      !i±£j 

V      62     *          r2 


or  double  this  quantity. 


CHAPTER  VI. 

Variation  of  Pressure  in  a  Centrifugal  Fan.  —  To  the 
designer  of  fans  having  two  inlets  this  article  is  of  no 
interest,  but  it  will  be  found  of  service  to  the  designer  of 
radial  fans  or  mixed-flow  fans  having  one  eye.  Suppose 
the  fan  is  acting  by  suction,  and  that  the  velocity  of  inflow 
is  \  ;  then  the  pressure  measured  positive  when  above  the 
atmosphere,  and  negative  when  below,  in  feet  of  air  is 

-H-A2 

2<7 
at  the  inner  radius. 

At  any  radius  r  in  the  wheel  let  the  absolute  velocity  of 
the  air  be  c  and  its  tangential  component  a,  and  at  this 
radius  let  the  absolute  velocity  of  the  wheel  be  v  ;  then  the 
work  done  by  the  wheel  from  radius  rx  to  r  is 


and  this  produces  an  increase  of  pressure  head 
a  v     c 


so  that  the  pressure  head  becomes 

^+V\     H    ^ 

a*  a*'        2? 


av      c 
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If  /3  is  the  inclination  of  the  relative  direction  of  flow  in 
the  wheel  with  the  direction  of  motion  of  the  wheel,  at  the 
radius  r,  then  the  above  head 

v2  -  v  b  cot  8     a2  + 12 

—         c\  —  -H. 


g 


where  b  and  c  are  the  radial  component  and  absolute 
velocity  of  flow  at  radius  r,  corresponding  to  62  and  c2 
(fig.  7)  at  radius  r2. 

In  the  above  consideration  friction  is  neglected,  and  in- 
flow is  supposed  to  take  place  without  shock.  At  the  outer 
radius  r2  the  pressure  head  becomes 


The  actual  pressure  in  Ib.  per  sq.  ft.  may  be  obtained 
from  the  head  by  multiplying  it  by  0'075.  The  total  pres- 
sure on  the  wheel  in  feet  of  air  is  therefore 

*-20H)rfr 


9 

in  radial  flow  fans,  and  since  v,  b,  and  /?  all  involve  r,  the 
total  pressure  is  best  found  by  dividing  the  wheel  into  a 
number  of  small  rings  so  that  TT  r  d  r  can  be  obtained  for 
each,  and 

1  , 


can  be  calculated  at  the  middle  of  the  ring  whose  mean 
radius  is  r  and  thickness  d  r.  This  will  give  a  result  which 
will  be  practically  correct. 

The  above  assumes  that  the  wheel,  although  there  is 
only  one  eye  through  which  air  enters,  has  an  opening  of 
equal  diameter  at  the  other  side.  It  also  assumes  that  the 
disc  of  the  wheel  is  on  one  side  so  that  there  is  axial 
thrust ;  by  making  the  wheel  with  a  disc  on  each  side,  end 
thrust  can  be  entirely  avoided,  and  the  end  thrust  due  to 
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suction  at  the  eye  comes  on  the  fan  casing  and  not  on  the 
wheel.  If,  however,  we  are  dealing  with  a  mixed-flow  fan 
we  must  proceed  somewhat  differently.  Our  explanation 
will  be  clearly  understood  by  reference  to  fig.  13.  We 
want  to  find  the  axial  component  of  the  pressures  on  the 
cone  a  f  a  and  the  curved  surfaces  a  b,  a  b  (neglecting  vane 
thicknesses). 

Let  TI  =  r0  be  the  radius  of  the  eye,  then  at  the  point  / 
the  head  is 

-H-  —  ( 

but  as  we  get  further  to  the  left  on  the  surface  of  the  cone 
the  velocity  of  the  air  increases,  and  the  section  of  passage 
should  be  calculated  perpendicular  to  the  mean  direction  of 
the  flow  shown  by  the  arrows. 

Let  A  be  this  section,  then  the  head  is 

-H-l( 

Further,  we  may  suppose  the  cone  divided  up  into  a  num- 
ber of  rings,  and  a  central  circle  and  areas  projected  on  to  a 
plane  perpendicular  to  the  axis.  The  total  axial  pressure 
on  the  wheel  is  then  given  by  the  summation  of  these 
areas  and  their  corresponding  pressures,  which  is 

?27M'(v2-£2cosec2/3-2#H)dr, 

where  rp  is  the  radius  of  the  cone,  and  b  cosec  /3  is  the 
velocity  of  flow  of  the  air  relative  to  the  wheel.  The  latter 
is  most  easily  estimated  by  drawing  lines  perpendicular  to 
the  arrow,  representing  the  mean  direction  of  flow,  and 
calculating  the  areas  of  the  frustra  of  cones  swept  out  by 
these.  Then,  if  a  is  the  area  swept  out  by  one  of  these  lines, 

'4 

and  /?  must  be  measured  from  a  drawing  of  the  vanes  if  it 
cannot  be  calculated. 
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This  pressure  can  be  balanced  by  putting  straight  radial 
vanes  at  the  back  of  the  wheel ;  the  effect  of  the  vanes  is  to 
set  the  air  in  motion  and  thereby  reduce  the  pressure.  If 
there  are  no  vanes  at  the  back,  a  pressure  corresponding  to 
that  exerted  at  the  circumference  will  act  over  the  whole 
of  the  back  of  the  fan.  We  know  of  no  case  in  which  fans 
have  been  thus  balanced,  but  show  in  fig.  17  a  sectional 
elevation  of  a  centrifugal  pump  balanced  in  this  manner.7 
The  holes  shown  at  0  are  unnecessary. 

Imagine  a  space,  such  as  that  at  the  back  of  the  wheel, 
in  which  a  number  of  radial  vanes  cause  every  particle  of 


FIG.  17.— BALANCED  CENTRIFUGAL  PUMP. 

air  to  rotate  at  the  same  angular  velocity.  Consider  a  ring 
of  air  of  mean  radius  r,  and  radial  thickness  d  r,  and  let  the 
pressure  outside  be  p  +  8p,  and  that  inside  the  ring  p 
and  take  the  axial  width  as  unity.  If  a-  is  the  weight  of 
1  cu.  ft.  of  air,  the  weight  of  a  strip  of  the  ring  of  length  I 
is  a- 1  8  rt  and  the  centrifugal  force  due  to  its  rotation  is 

-«rJ*r.4 

gr' 

and  the  component  normal  to  the  diameter  X  Y  is 

— sin6>. 

gr 
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The  resultant  force  due  to  half  the  ring  is  perpendicular  to 
XY,  and 

180  .  /v 


=2cr 


8r. 


0 


The  resultant  air  pressure  inwards  is  also  normal  to  X  Y 

/-ISO  s-180 

=  P=/          8plsin0=Sp.r/          sin  0.d0.  =  2r .  8^ 


FIG.  18. — PRESSURE  AT  BACK  OF  WHEEL. 


But  P  =  F  f or  equilibrium,  so  that 
2o-  —  dr=2rdp 

g 


w2     1  dp 
g   ~ a-  dr' 


Integrating 
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where  C  is  the  constant  of  integration,  so  that,  if  r&  is  the 
radius  of  the  boss  —  that  is,  the  internal  radius  at  which 
rotation  ceases  —  it  follows  that 


where  />&,  A&  are  the  pressure  per  sq.  ft.,  and  head  at 
radius  r&  ;  and  at  any  radius  r  if  p,  h  are  pressure  and 
head, 


where  A2,  in  the  casj  of  the  fan,  is 


To  calculate  the  whole  pressure  on  the  back  of  the  wheel 
we  must  proceed  as  follows  :  The  pressure  head  on  a  ring  of 
mean  radius  r,  and  radial  thickness  d  r,  is 


so  that  the  total  pressure  head  between  the  radii  r^  and 
r  is 


/~r2 

/       2  TT 
J  rb 


27TW  7TW        o    , 

r  dr  -  /       -  r92  r  dr+  /        -  r3  d  r 


To  this  we  should  have  to  add  7i&  TT  (r&2  -  rs2)  the  pressure 
on  the  flat  annular  end  of  the  boss,  rs  being  the  radius  of 

the  shaft,  and  h^  being  =  A2  —  —  (r22  -  r&2).     If  the  vanes 

at  the  back  do  not  extend  to  a  radius  r2,  but  to  a  smaller 
radius  ra,  then  the  total  pressure  head  on  the  back  of  the 
disc  is 
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*  (>-22  -  ra2)  7/o  +  TT  (rj  -  rb2)  ill*  -  —  (rj  -  rb2)\ 

I        ^9  J 


a 


where  A6  =  fiz-—  (ra2  -  rb2). 

J 

Similar  Fans.  —  Suppose  two  fans  to  be  made  from  the 
same  drawing  but  to  a  different  scale,  so  that  the  dimen- 
sions of  the  one  are  n  times  that  of  the  other,  and  suppose 
them  to  be  driven  so  that  the  velocity  of  flow  through 
corresponding  parts  of  them  is  the  same.  Then  the  quan- 
tity delivered  by  the  one  will  obviously  be  n2  times  that  by 
the  other,  and  if  the  water  gauge  produced  by  each  is  the 
same,  then  the  orifices  will  be  as  n2  is  to  1,  and  the  losses  of 
head  due  to  surface  friction  are  the  same  because  the  areas 
of  surface  divided  by  the  sections  of  the  fan  passages  are 
the  same,  the  roughness  of  the  surfaces  of  course  being 
supposed  to  be  the  same.  If  the  manometric  efficiencies 
are  the  same,  the  work  per  Ib.  done  by  the  wheels  and 
the  losses  due  to  shock  at  inflow  to  them  and  outflow  from 
these  are  the  same,  and  therefore  the  air  efficiencies  or 


where  L  is  the  losses  of  head,  are  the  same,  And  we  may 
reasonably  suppose  the  manometric  efficiency  of  the  one  to 
equal  that  of  the  other  because  the  equation  connecting  v2, 
H  and  internal  velocities  depends  on  the  proportions  of  a 
fan  and  not  on  its  absolute  dimensions,  and  the  proportions 
are  the  same  in  both  ;  hence  we  have  manometric  efficiency 
and  mechanical  efficiency  are  the  same  for  orifices  in  the 
ratio  of  n2  to  1.  Now  if  we  call 
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the  reduced  orifice,  then  a  diagram  can  be  drawn  with  these 
as  abscissae,  and  the  manometric  and  mechanical  efficiencies 
as  ordinates,  and  we  shall  get  two  curves  which  will  apply  to 
fans  of  a  given  type  but  of  different  sizes.  The  volumetric 
efficiencies  Q-i-v2r22  is  obviously  the  same  at  equal  reduced 
orifices.  In  fig.  19  are  shown  characteristic  curves  of  this 
nature  for  Rateau  fans.  We  need  not  enlarge  on  the 


1-2 


1-4 


0-4  0-6  0-8  1-0 

REDUCED       OR  I  FICES. 

FIG.  19.—  CHARACTERISTIC  CURVES  FOR  RATEAU  FANS. 

assistance  such  curves  should  give  to  the  intelligent  de- 
signer, but  he  must  remember  that  engine  friction  must  not 
be  included  in  the  mechanical  efficiency,  and  that  if  there 
are  sharp  angles  before  the  eye  of  the  fan  which  disturb 
the  inflow  both  mechanical  and  manometric  efficiencies  will 
be  much  reduced. 
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CHAPTER  VII. 

Heenan  and  Gilbert's  Experiments  on  Centrifugal  Fans. — 
The  first  experiments  that  we  shall  describe  were  made 
by  Hammersley  Heenan,  M.I.C.E.,  and  William  Gilbert, 
Wh.Sch.,  A.M.I.C.E.8  Their  object  was  (1)  to  determine 
the  best  shape  of  fan  blade  and  fan  case,  in  order  to  secure 
a  minimum  expenditure  of  power  when  producing  any 
given  output  of  air,  i.e.,  to  find  the  best  type  of  fan  ; 
(2)  the  standard  type  being  selected,  to  obtain  data 
whereby  the  proper  diameter  of  the  standard  fan  and  its 
most  economical  speed  could  be  determined  for  any  re- 
quired output  of  air  at  a  given  pressure.  They  came  to 
the  conclusion  that  a  fan  with  a  few  simple  blades  gives 
the  best  result,  provided  the  form  of  blade  and  dimensions 
of  the  casing  are  designed  to  suit  the  kind  of  work  re- 
quired. Fans  of  more  complex  design  have,  in  their 
opinion,  too  large  an  internal  resistance  to  give  the  highest 
mechanical  efficiency,  although  they  are  better  for  pro- 
ducing high  pressures.  Fig.  20  shows  a  type  of  fan  which 
was  tested  :  it  consists  of  a  centre  or  drum  H  K  fitted  with 
six  blades,  revolving  within  a  casing.  The  air  enters 
through  the  centre  of  the  sides  of  the  drum  and  is  dis- 
charged at  the  outlet  G.  The  sides  of  the  wheel  are 
parallel,  hence  the  axial  inflow  of  air  is  suddenly  changed 
to  a  flow  in  a  radial  direction ;  this,  together  with  the 
impact  of  some  of  the  discharged  air  against  the  upper 
curved  surface  of  the  outlet,  was  found  to  produce  a  dis- 
charge which  was  not  uniform  over  the  whole  section  of 
the  outlet. 

Suppose  this  fan  to  be  running  at  a  constant  speed, 
taking  air  from  the  atmosphere  and  discharging  through  a 
delivery  tube  H  K,  fig.  21,  having  an  outlet  at  K,  the  area 
of  which  can  be  varied.  Let  the  fan  centre  be  28  in. 
diameter  and  the  delivery  tube  17  in.  diameter.  Let 
there  be  two  water  gauges,  A  and  B,  one  branch  of  A 
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being  connected  to  a  pipe  soldered  into  the  side  of  the 
delivery  tube,  while  the  other  branch  is  attached  to  a  pipe 
passing  to  the  centre  of  the  delivery  tube,  the  end  being 
suitably  bent  to  face  the  stream.  The  pressure  in  the 
pipe  C  (inductive  action  being  prevented)  will  be  that  due 
to  the  compression  of  the  air  only,  but  the  pressure  in  D 
will  be  that  due  to  the  pressure  and  velocity  combined. 
Hence  the  gauge  A,  which  indicates  the  difference  between 
the  pressures  in  the  pipes  C  and  D,  will  record  the  pressure 
due  to  velocity  only.  The  compression  of  the  air  can  be 


FIG.  20.— 28"  FAN  TESTED  BY  HEENAN  AND  GILBEIIT. 

measured  by  the  second  gauge  B.  First,  if  the  outlet  be 
closed  so  that  no  air  is  delivered,  the  gauge  A  will  remain 
at  zero,  since  there  is  no  flow  of  air  through  the  tube,  but 
the  second  gauge  B  will  indicate  a  considerable  compres- 
sion, about  11J  in.  of  water,  if  the  tip  speed  of  the  fan  be 
12,000  ft.  per  min.  Next  let  the  end  of  the  delivery  tube 
be  opened  to  give,  say,  half  the  area  of  the  outlet  K.  The 
fan  now  passes  a  considerable  quantity  of  air,  about  8,000 
cu.  ft.  per  min.,  and  on  account  of  this  flow  the  velocity 
gauge  will  indicate  nearly  1|  in.  of  water.  The  com- 
pression, as  shown  by  the  gauge  B,  will  have  fallen  to 
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8  in.  During  the  time  the  outlet  of  the  delivery  tube 
was  closed,  with  no  air  being  delivered,  the  efficiency  was 
of  course  zero.  But  when  the  fan  is  passing  8,000  cu.  ft. 
of  air,  under  a  compression  of  8  in.  of  water,  the  efficiency 
reckoned  on  the  compression  alone  will  be  about  66  per 
cent.,  15  horse  power  being  required  to  drive  the  fan. 
When  the  outlet  of  the  delivery  tube  is  fully  opened,  the 
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FIG.  21. — FAN  DELIVERY  TUBE. 

fan  delivers  freely  to  the  atmosphere,  and  gauge  B  shows 
that  the  air  is  under  no  compression  whatever,  but  the 
amount  of  air  has  increased  to  about  13,700  cu.  ft.  per 
min.,  and  the  passage  of  this  air  through  the  delivery  tube 
shows  a  velocity  head  on  A  of  nearly  5  in.  of  water.  Since 
the  air  is  not  compressed,  but  merely  expelled  at  atmo- 
spheric pressure,  the  efficiency  reckoned  on  the  compression 
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is  now  zero.  There  is  necessarily  a  delivery  intermediate 
between  no  delivery  and  no  compression,  at  this  tip  speed 
of  12,000  ft.  per  min.,  for  which  the  mechanical  efficiency, 
reckoned  on  the  compression  produced  on  the  air,  is  a 
maximum. 

Heenan  and  Gilbert  presented  their  results  on  diagrams 
in  which   the  abscissae  were   cu.  ft.  of  air  per  min.  for 


FIG.  22.— FORMS  OF  BLADE  TESTED. 

a  fixed  tip  speed  and  ordinates  were  efficiencies,  and  com- 
pressions as  shown  by  the  gauge  at  that  speed  ;  other 
curves  were  drawn  showing  the  brake  horse  power  required 
by  the  fan,  and  the  total  efficiency,  the  kinetic  energy  in 
the  air  discharged  being  added  to  the  work  done  in  com- 
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pressing  the  air.  This  is  sometimes  called  dynamic  effi- 
ciency, and  is  misleading,  except  in  cases  in  which  the  fan 
can  be  fitted  with  an  expanding  chimney,  and  even  then  the 
kinetic  energy  left  in  the  air  at  its  mouth  must  be  deducted. 
A  fan  that  has  a  high  dynamic  efficiency  may  be  of  very 
low  real  efficiency,  and  if  quantity  of  air  is  of  more  con- 
sequence than  the  smallness  of  brake  horse  power,  then 
the  volumetric  efficiency  should  be  given,  and  not  an 
imaginary  mechanical  efficiency  which  is  not  attainable. 
The  horse  power  of  the  fan  considering  compression  alone 
was  calculated  by  the  formula, 

_     ,  ShQ,         hQtl 

Fan  horse  power  =  33^^^  =  6352' 

where  h  =  water  gauge  in  inches  and  Q  =  discharge  in  cu.  ft. 
per  min.,  and  8  weight  in  Ib.  of  1  cu.  ft.  of  water.  Three 
forms  of  blade  were  tested  (shown  in  fig.  22,  numbered  2, 
3,  and  4),  making  angles  of  35  deg.,  60  deg.,  and  90  deg., 
with  tangents  to  the  outer  circumference,  and  25  deg. 
with  tangents  to  the  inner  circumference,  the  fan  centre 
being  17  in.  diameter  and  8  in.  wide.  Figs.  23,  24,  25, 
give  curves  of  efficiency,  water  gauge,  and  brake  horse 
power,  for  each  of  these  blades  for  a  constant  tip  speed  of 
12,000  ft.  per  min.  Blade  No.  4  gives  the  best  results, 
although  not  much  superior  to  those  of  blade  No.  3,  whilst 
blade  No.  2,  having  a  tip  angle  of  only  35  deg.,  gives  a  low 
efficiency,  owing  to  the  rapid  drop  of  the  compression  curve 
as  the  discharge  of  air  increases.  The  arrangement  of 
apparatus  for  measuring  the  brake  horse  power,  volume  of 
air,  compression,  and  speed,  are  shown  in  fig.  26.  The  fan 
is  driven  from  the  counter-shafting  B,  which  derives  its 
motion  from  a  spherical  steam-engine  at  C.  The  outlet  of  the 
fan  is  connected  by  a  short  circular  iron  delivery  tube  with 
a  boiler  flue  E  E,  30  in.  diameter  and  18  ft.  long.  At 
the  centre  of  the  flue  a  partition  F  is  fitted,  to  which  can  be 
attached  a  series  of  plates  having  circular  orifices  of  various 
sizes,  varying  between  4|  in.  and  18  in.  diameter.  A  well- 
cut  outlet  of  known  diameter  is  placed  at  the  end  of  the 
flue  G,  where  the  velocity  of  the  air  was  measured  by  an 
anemometer.  This  opening  was  made  much  larger  in 
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diameter  than  the  outlet  of  the  fan,  in  order  to  avoid 
injuring  the  anemometer  by  a  violent  current  of  air.  In 
fig.  26  it  is  shown  in  end  elevation  together  with  the  levers 
whereby  the  anemometer  was  moved  over  all  portions  of 
the  outlet,  the  instrument  being  kept  truly  perpendicular 
to  the  axis  of  the  flue.  The  pulley  driving  the  fan  was 
not  keyed  to  the  shaft,  but  was  driven  by  it  through  the 
Emerson  power  scale,  a  form  of  transmission  dynamometer 
in  which  the  moment  of  the  driving  effort  is  balanced, 
through  a  system  of  levers,  by  a  pendulum  moving  over  a 
graduated  scale.  A  speed  counter  records  the  revolu- 
tions of  the  shaft.  A  tachometer  coupled  to  the  counter- 
shafting  B  by  a  spiral  spring,  enabled  the  speed  of  that 
shafting  to  be  regulated,  and  the  proper  tip  speed  to  be 
approximately  maintained  by  the  man  in  charge  of  the 
engine.  A  small  band  counter,  carried  in  a  sliding  frame, 
and  applied  when  necessary  to  the  fan  spindle,  enabled 
the  exact  number  of  rev.  per  min.  of  the  fan  to  be 
obtained.  Measurements  of  the  pressure  and  velocity 
of  the  air-stream  were  taken  at  the  section  M  of  the 
delivery  tube.  The  velocity  varied  greatly  in  different 
positions  on  the  same  cross-section  of  the  tube.  Readings 
were  taken  at  several  points  in  a  cross-section  by  means  of 
two  gauges,  each  of^  which  could  be  traversed  over  a 
diameter  at  right  angles  to  the  other.  It  was  afterwards 
found  unnecessary  to  measure  the  velocity,  since  it  can  be 
readily  calculated  when  the  discharge,  as  measured  by  the 
anemometer,  is  known  ;  but  at  the  same  time  the  velocity, 
as  measured  by  the  velocity  gauge,  gives  a  check  on  the 
anemometer  readings.  Jf  the  cross-section  of  the  delivery 
tube  be  divided  into  a  number  of  imaginary  areas  and  the 
square  root  of  the  mean  gauge  reading  for  each  area  be 
multiplied  by  that  area  and  by  a  suitable  constant,  then 
these  results  added  together  give  the  total  discharge  of  the 
fan.  The  annexed  table  illustrates  the  variation  of  velocity 
referred  to ;  it  gives  the  gauge  reading  due  to  the  velocity 
in  four  positions  along  a  diameter  of  the  cross-section  of 
the  delivery  tube,  where  the  gauge  was  fitted,  as  taken 
simultaneously. 
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Position. 

Gauge 
reading  due 
to  velocity. 

Air  velocity, 
ft.  per  sec. 

Distance 
from  centre 
of  tube. 

Remarks. 

Inches. 

1 

2 
3 

3-20 

2-88 
1-85 

118 
112 

90 

+  3-1 
+  M 
-1-1 

Diameter  of 
delivery  tube, 

4 

1-70 

86 

-  3-1 

8'9  in. 

This,  we  think,  is  a  proof  of  imperfect  design  of  the  fan, 
because  if  well  designed  there  is  no  reason  why  the  velocity 
should  not  be  almost  uniform  over  the  whole  section  of  the 
tube ;  if  anything,  it  should  be  greater  at  the  centre  than 
the  sides.  It  will  be  noticed  in  fig.  20  that  some  of  the 
discharge  from  the  fan  is  thrown  against  the  upper  surface 
of  the  discharge  pipe,  instead  of  the  whole  stream  flowing 
out  parallel  to  the  axis  of  the  tube.  The  measurement  of 
the  compression  presented  some  difficulty,  owing  to  the 
fact  that  the  air  flowing  across  the  end  of  the  side  gauge 
caused  a  large  amount  of  induction,  a  vacuum  being  often 
recorded  where  a  pressure  was  known  to  exist.  Professor 
W.  C.  Unwin  found  that  a  plate  placed  across  the  end  of 
the  tube  prevents  this  inductive  action.  The  form  of  side 

fauge  used  for  measuring  the  static  pressure  is  shown  in 
g.  42.  It  was  tested  by  Heenan  and  Gilbert,  and  found  to 
give  very  good  results.  To  draw  the  characteristic  curves 
from  the  experimental  results,  seven  resistance  plates, 
A,  B,  C,  D,  E,  F,  with  graded  circular  orifices,  were  arranged 
to  fasten  on  to  the  centre  F  of  the  boiler  flue.  Two  obser- 
vations were  taken  with  each  plate  of  the  discharge,  the 
compression  and  the  horse  power  supplied  to  the  fan  at 
or  near  tip  speeds  of  5,000  ft.,  6,000  ft.,  and  12,000  ft. 
per  min.  The  authors  verified  the  following  laws : 

1 .  The  air  discharge  varies  as  the  speed.  }  ^ 

2.  The  gauge  reading  varies  as  (speed)2.  lFor  a  c°nstant 

3.  The  B.H  P.  varies  as  the  (speed)3.        J     resistance- 
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Volume  discharged  in  thousands  of  cu.  ft.  per  min. 

FIGS.  23  AND  24.— EFFICIENCY  GAUGE  AND  POWER  DIAGRAMS. 

Curves :  M  shows  efficiency  ;  F,  brake  horse  power  ;  II,  compression  ; 
G}  total  gauge  ;  A',  total  efficiency. 


HEENAN   ANI)    GILBERTS   EXPERIMENTS 


73 


We  have  already  given  these  laws.  Curves  were  then 
drawn  with  cu.  ft.  per  min.  at  a  given  tip  speed  as  abscissae, 
and  with  ordinates,  water  gauge,  brake  horse  power, 
mechanical  efficiency,  static  and  dynamic,  and  dynamic 
water  gauge,  at  the  same  tip  speed.  The  dynamic  water 
gauge  is  the  sum  of  the  static  gauge,  and  the  gauge  due  to 
velocity.  These  curves  are  shown  in  figs.  23,  24,  25,  for 
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FIG.  25.— EFFICIENCY  GAUGE  AND  POWER  DIAGRAM. 

Curves  :  M  shows  efficiency  ;  P,  brake  horse  power  ;  ff,  compression  ; 
G,  total  gauge  :  N,  total  efficiency. 

tip  speeds  of  12,000  ft.  per  min.  All  the  recorded  tests  of 
Heenan  fans  were  made  with  centres  having  parallel  sides, 
and  with  the  proper  clearance  in  the  case  to  allow  the  air 
to  flow  uniformly  from  the  fan  centre  at  all  portions  of  its 
circumference.  With  the  same  apparatus  tests  were  made 
on  several  fans  of  various  types. 

Fig.  27  shows  the  characteristics  obtained  at  a  tip  speed 
of  12,000  ft.  per  min.  from  a  fan  16  in.  diameter,  having 
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tapering  side  plates.  The  diameter  of  the  inlet  was  5|  in., 
the  widths  of  the  fan  centre  at  inlet  and  outlet  being  7  J  in. 
and  Ij-  in,  respectively.  This  fan  ran  in  a  concentric  case, 
the  clearance  being  1^  in.  (which  in  our  opinion  made  the 
comparison  of  tapering  versus  parallel  sides  worthless,  as 
the  preceding  theory  very  clearly  shows  that  a  well-designed 
volute  is  necessary  to  obtain  high  efficiency  and  a  suitable 
water  gauge).  The  compression  obtained  with  closed  outlet 
was  9-4  in.,  against  11  '2  in.  with  blade  No.  4,  fig.  25. 
Further,  the  compression  fell  oft'  very  rapidly  with  increase 
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FIG.  27. — CHARACTERISTIC  CURVE  FOR  FAN  WITH  TAPERING 
SIDES. 

FIG.  28. — CHARACTERISTIC  CURVE  FOR  FAN  WITH  12-lNCH 
CENTRE  DIAMETER. 

Curves :  M  shows  efficiency  ;  P,  brake  horse  power  ;  //,  compression. 

of  output,  so  that  the  working  compression  would  not  be 
more  than  8  in.  The  efficiency  was  also  low  (as  might 
reasonably  be  expected).  Fig.  28  shows  the  characteristic 
obtained  at  12,000  ft.  per  min.  from  a  fan  centre  12  in. 
diameter,  the  maximum  width  being  2|  in.  The  centre 
rotated  in  a  whirlpool  chamber  of  23  in.  diameter.  The 
centre  was  of  cast  iron,  and  the  tip  angle  of  the  blades  was 
30  deg.  Of  course  the  efficiency  measured,  which  was  less 
than  30  per  cent.,  would  not  be  representative  for  so  small 
a  fan,  but  the  maximum  compression  did  not  exceed  4*4  in. 
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The  effect  of  a  whirlpool  chamber  (usually  called  a  diffuser) 
is  to  produce  a  very  quiet  running  fan. 

Test  of  a  Mine  Ventilating  Fan. — The  fan  selected  for  illus- 
tration (fig.  29)  was  supplied  to  the  Parkend  Colliery  Co., 
South  Wales,  by  Heenan  and  Gilbert,  and  works  in  connec- 
tion with  the  approach  tunnel  and  ventilating  shaft  of  the 
mine.  The  wheel  is  7  ft.  diameter  and  2  ft.  wide.  The  upper 
portion  of  the  case  and  evase  chimney  is  built  up  of  wrought- 
iron  plates,  the  lower  portion  being  formed  in  brickwork. 
4J  in.  thick.  The  fan  was  driven  by  a  horizontal,  non- 
condensing  engine,  the  cylinder  being  12J  in.  diameter  and 
17|  in.  stroke.  To  provide  a  variable  resistance  for  the 


FIG.  29. — MINE  VENTILATING  FAN. 

fan,  three  9  in.  by  3  in.  planks  were  placed  across  the 
mouth  of  the  air  drift,  and  boards  nailed  to  these  planks 
restricted  the  flow  of  air  to  the  fan  more  or  less  as  required. 
The  folding  doors  at  the  top  of  the  ventilating  shaft  were 
open  during  the  whole  of  the  test.  A  tachometer,  driven  by 
a  belt  from  the  fan  shaft,  enabled  the  approximate  speed  of 
the  fan  to  be  judged  and  regulated  by  the  man  in  charge  of 
the  engine;  the  number  of  revolutions  in  a  two-minute 
reading  being  obtained  by  a  hand-counter  held  to  the  fan 
shaft.  The  engine  speed  was  obtained  by  a  counter  applied 
to  the  shaft  in  the  same  manner.  The  air  discharge  was 
measured  by  an  anemometer  at  the  top  of  the  fan  chimney. 
The  area  of  the  top  of  the  chimney  was  divided  into  eight 
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equal  rectangles  by  tightly  stretched  wires,  and  the  ane- 
mometer, attached  to  a  small  iron  tube,  was  held  for  a 
quarter  of  a  min.  in  each  division.  In  this  fan  the  flow  of 
air  was  fairly  uniform  over  the  whole  of  the  outlet  area  of 
the  chimney,  but  in  some  cases,  where  the  fan  was  run 
slowly  for  experimental  purposes,  guide  vanes  had  to  be 
fitted  in  the  base  of  the  chimney  to  secure  the  result  men- 
tioned. Four  degrees  of  opening  were  arranged  at  the 
adjustable  orifice,  and,  for  each  of  these,  readings  were  taken 
with  tip  speeds  of  4,000  ft..  5,000  ft.,  6,000  ft.,  8,000  ft, 
and  9,000  ft.  per  min.  The  vacuum  produced  by  the  fan 
was  measured  by  a  side  gauge,  placed  in  the  air  drift  close 
to  the  fan  inlet,  and  a  pipe  led  from  this  tip  to  a  water 
gauge  placed  on  a  table  outside.  (In  our  opinion  this  is  one 
of  the  reasons  for  the  apparently  high  efficiency  obtained 
by  the  fan,  which  at  a  tip  speed  of  9,000  ft.  per  min. 
reached  70  per  cent.)  We  have  already  stated  that  if  the 
manometer  is  placed  in  a  strong  current  of  air  the  water 
gauge  will  be  increased,  and  that  at  inflow  to  the  fan  this 
will  not  be  the  correct  gauge.  When  the  fan  was  running 
at  a  tip  speed  of  9,000  ft.  per  min.  the  discharge  from  the 
fan  at  the  efficiency  of  70  per  cent,  was  14  cu.  ft.  per  sq.  in 
of  diametral  wheel  section  per  min.,  so  that  the  flow  into 
the  eye,  assuming  it  to  be  uniform  and  neglecting  the 
obstruction  of  the  bearing,  was  at  a  velocity  of 


because  the  eye  was  3|  ft.  diameter  and  the  centre  section 
24  x  84  in.     This  velocity  would  increase  the  water  gauge 

by  (44-6)2      12 


It  was  5  -6  in.,  and  should  therefore  be  reduced  to  at  least 
5'  15  in.,  so  that  the  efficiency  could  not  be  more  than 

5*15 

-—  -  x  70  =  64-4  per  cent. 

5-6 
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(assuming  that  the  anemometer  did  not  exaggerate  the 
discharge,  which  it  invariably  does).  Three  side  gauges 
CC,  fig.  29,  were  also  placed  at  the  root  of  the  chimney,  so 
that  the  vacuum  produced,  and  consequently  the  efficiency 


I    I  e 

6        8       10       12       14 

Volume  discharged  in  cu.  ft.  per  min.  per  sq.  in.  of  centre  section 

FIGS.  30  AND  31.— CHARACTERISTIC  CURVES:  MINE  FANS. 

30.— 7-ft.  Heenan  Fan.     Tip  speed,  5,000  ft.  per  min. 
31.— 7-ft.  Heenan  Fan.     Tip  speed,  6,000  ft.  per  min. 

Curves  :  M  shows  efficiency  ;  G,  water  gauge  ;  I\  horse  power 
(indicated). 

of  the  chimney,  could  be  determined.  It  was  found  that  the 
vacuum  was  practically  the  same  at  all  three,  so  that  only 
one  was  read.  Figs.  30  to  33  give  the  characteristic  curves 
obtained  from  this  test.  The  dotted  lines  e,  e  correspond 
with  the  resistance  offered  when  the  choking  boards  were 
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removed  and  the  fan  took  air  from  the  mine  only.     The 
maximum  efficiency  increases  with  the  speed,  and  is  6 7  "2  per 
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Volume  discharged  in  cu.  ft.  per  min.  per  sq.  in.  of  centre  secti 

as.  32  AND  33.—  CHARACTERISTIC  CURVES  :  MINE  FANS. 

32.— 7-ft.  Fan.     Tip  speed,  8,000  ft.  per  min. 
33.— 9,000  ft.  per  min. 

Curves  :  M,  efficiency  ;  G,  water  gauge  ;  P,  horse  power 
(indicated). 

cent,  at  a  tip  speed  of  8.000  ft.  per  min.,  and  70-3  percent, 
at  9,000  ft.  per  min.  The  fan  was  designed  to  pass  20,000 
cu.  ft.  per  min.  with  a  water  gauge  of  3J  in.,  at  a  speed 


80 


CENTRIFUGAL  FANS 


70 

60 
50 
40 


7 
6 
5 

.  4 

II 

1 

to  0 


*-  8 
O 

70]£  7 


•s* 

#40] 

w 

30 
20 
10 
0 


Volume  discharged  in  cu.  ft.  per  miii.  per  sq.  in.  of  centre  section. 

FIGS.  34  AND  35.— CHARACTERISTIC  CURVES  :  MINE  FANS. 

34. — 18'5"  Heenan  Fan.     35.— 28"  Heenan  Fan. 
Tip  speed,  6,000  ft.  per  min.  in  each  case. 

Curves  :  P  shows  brake  horse  power  ;  G,  compression  ;   T7,  total 
gauge  ;  M,  efficiency  ;  N,  total  efficiency. 

of  300  revolutions.  At  7,000  ft.  per  min.  and  318  rev, 
the  water  gauge  was  3'45  and  the  discharge  23,150 
cu.  ft.,  so  that  the  fan  is  amply  large  enough  for  the 
work. 
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The  types  of  gauge  tips  used  in  these  trials  are  shown 
in  figs.  37-42.  A  description  of  the  method  adopted 
in  testing  them  will  be  found  in  Heenan  and  Gilbert's 
paper. 

Theory  of  the  Pilot  Tube. — Suppose  a  fluid  in  motion 
impinges  upon  a  plane  surface  set  at  right  angles  to  it,  and 
flows  away  in  a  direction  perpendicular  to  its  original 
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Volume  discharged  in  cu.  ft.  per  min.  per  sq.  in.  of  centre  section. 

FIG.  36. — CHARACTERISTIC  CURVES  :  MINE  FAN. 
48"  Heenan  Fan.     Tip  speed,  6,000  ft.  per  min. 

Curves  :  P  shows  brake  horse  power ;  G,  compression  ;  T,  total 
gauge  ;  M,  efficiency  ;  N,  total  efficiency. 

direction  ;  then,  since  the  change  of  the  momentum  is  equal 
to  the  impulse  of  the  external  forces  (Newton's  Second  Law 
of  Motion), 


where  W  is  the  weight  of  the  fluid  impinging  on  the  plate 
per  sec.,  v  is  its  velocity,  t  the  time  in  seconds,  and  P  the 
force  produced  : 
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and  if  A  is  the  section  of  the  jet 

Av2     _         P      v2    p     „ 
a-  --  =  P,  or  —^=  —  =  -=11, 
g  o-A      g      <r 

where  p  is  the  pressure  per  sq.  ft.,  or  is  the  density, 
and  H  is  the  head  equivalent  to  the  pressure  .p.  Hence  we 
might  at  first  imagine  that  the  reading  of  the  Pitot  tube 
would  be  v2  -i-  g,  instead  of  v2  -7-  2  g  in  feet  of  air  ;  but  the 
air  deviated  by  the  shock  upon  the  end  of  the  Pitot  tube 
does  not  lose  the  whole  of  its  momentum  parallel  to  the 
axis  of  the  tube,  so  that  in  reality 


where  m  is  a  coefficient  smaller  than  unity,  depending 
probably  upon  the  section  of  the  orifice  and  of  that  of  the 
conduit  in  which  it  is  situated.  When  the  orifice  is  small 
compared  with  the  conduit,  experiment  shows  that  m  =  \ 
very  nearly.  If  h  is  the  water  gauge  in  inches, 

12VV          12x39-8Bv2 


"  2g  8     64*4  x  62-3  x  29-921? 

where  8  =  weight  of  1  cu.  ft.  of  water, 

B  v2  , 

9—-  for  dry  air  .     . 


25 


where  B  is  the  height  of  the  barometer  in  inches  of  mercury, 
and  /"is  the  absolute  temperature  in  Fahrenheit  degrees,  or 


so  that  if  we  put  B=  29-9  and  F  =  62  deg  , 


h  =  in-  of  water. 


To  test    a   tip  as  described   in   Heenan  and   Gilbert's 
paper,  the  water  gauge  connected  with  a  revolving  tube  is 
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observed,  and  the  reading  compared  with  that  calculated 
from  the  equation 

12  v2  cr 


the  co:  rect  values  of  or  and  8  being  used  ;  a  correction 
must,  however,  be  introduced  for  the  vacuum  produced  by 
the  centrifugal  force  of  the  air  in  the  revolving  horizontal 
tube  carrying  the  tip.  This  vacuum  we  have  already 
shown  to  be  <rv2-±-'2g  at  the  centre;  for,  in  a  mass  of  air 
rotating,  we  proved  that 

r*u*_p 

' 


so  that  if  ?'„  be  the  external  radius,  and 


where  p2— pl  is  the  difference  of  pressure  between  the 
centre  and  radius  r2.  Hence  if  the  tip  measures  the 
pressure  due  to  the  air  velocity  correctly,  there  should  be 
no  reading  on  the  water  gauge  for  any  speed,  as  the 
vacuum  due  to  the  centrifugal  force  just  balances  the 
pressure  due  to  the  velocity  of  the  moving  tip  against  the 
air.  As  a  matter  of  fact,  small  readings  were  observed  on 
the  manometer,  but  these  were  accounted  for  by  supposing 
that  the  air  in  the  tank  was  drawn  round  by  the  rotation  of 
the  tip,  and  that  the  maximum  velocities  of  the  air  were — 
for  gauge,  fig.  37,  2-7  ft.  per  sec.  ;  for  gauge,  fig.  38,  5-9  ft. 
per  sec. ;  and  for  gauge,  fig.  39,  5*4  ft.  per  sec. ;  so  that  the 
velocity  of  the  air  may  be  calculated  by  formula  (49).9 

Experiments  on  Centrifugal  Fans  by  Bryan  Donkin.™ — 
Although  these  experiments  were  made  on  small  fans,  con- 
siderable value  is  attached  to  them,  as  it  is  extremely 
probable  that  the  quantities  of  air  recorded  are  correct. 
In  accordance  with  Heenan  and  Gilbert  experiments, 
Donkin  found  that  when  the  passages  remained  the  same 
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the  discharge  varied  as  the  speed.  In  each  set  of  experi- 
ments upon  a  given  type  of  fan  the  quantity  of  air  passing 
was  varied,  and  a  change  in  the  pressure  was  produced  by 
throttling  the  flow  in  the  delivery  pipe  at  some  distance 


A, 


D:* 


FIG.  40.  FIG.  41.  FIG.  42. 

TYPES  OF  GAUGE  TIPS. 

;  B,  TV;  c,  r  ;  D,  r  ;  E,  A*;  F,  f";  G,  r  ;  H,  i";  K, 

L,l|";  M,2". 


from  the  fan,  and  allowing  the  air  to  pass  successively  in 
each  experiment  through  wove  wire  of  3,  8,  30,  and 
50  meshes  to  an  inch.  The  "  equivalent  orifice"  was  also 
varied  by  the  insertion  of  one  to  four  pieces  of  perforated 
zinc  superposed.  The  wove  wire  of  3  and  8  meshes  to  an 
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inch  gave  respectively  by  calculation  an  effective  area  of 
80  per  cent.,  and  56  per  cent,  of  the  area  of  the  pipe.  One 
piece  of  perforated  zinc  gave  an  area  of  40  per  cent.  Ex- 
periments under  these  several  conditions,  as  well  as  with 
no  baffle,  were  made  upon  each  fan,  the  end  of  the  delivery 
pipe  being  open  to  the  atmosphere  in  all  cases.  This  end 
was,  in  a  final  experiment,  completely  stopped,  and  the  air, 
instead  of  passing  through  the  fan,  was  churned  up  inside 
it.  The  I.H.P.  was  taken  in  each  case,  as  well  as  the 
pressure  of  the  air  and  the  speed  of  the  fan.  About  ten 
experiments  were  made  on  each  fan,  each  occupying  about 
15  min.  after  all  conditions  had  become  constant,  and  as  a 
similar  series  of  experiments  were  made  upon  each,  with 
the  same  pipe  and  apparatus,  the  results  are  comparable. 

Eleven  different  types  of  fan,  illustrated  in  Fig.  45, 
were  tested,  of  diameters  varying  between  16  in.  and 
25J  in.  The  number  and  shape  of  the  vanes  differed 
considerably.  Each  fan  was  driven  by  a  strap  from 
the  same  steam  engine,  which  was  indicated  to  give  the 
power  absorbed.  The  I.H.P.  required  to  drive  the  engine 
at  different  speeds  was  accurately  known,  and  was  in  each 
case  deducted  from  the  total  I.H.P.  A  large  quantity  of 
air  is  required  at  low  pressure  in  some  cases,  and  in  others 
a  small  quantity  at  high  pressure.  The  volume  of  air  pass- 
ing at  the  maximum  pressure,  with  a  given  speed  of  the 
fan  and  equivalent  orifice,  was  determined  in  the  experi- 
ments. The  terms  volumetric  and  manometric  (or  pres- 
sure) efficiencies,  already  explained,  are — 


Nm  =  |£i        (25a) 

and  the  mechanical  efficiency  of  the  fan  itself  is 
,T_         62-3  Q  h 


12x550xB.H.P. 


where  B.H.P.  is  the  horse-power  supplied  to  the  fan  shaft. 
This   is   approximately   the   same   as   the   expression   we 
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FIG.  45.—  FANS  TESTED  BY  BRYAN  DONKIN. 
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FIGS.  43  AND  44. — ELEVATIONS  OF  FAN  BLADES. 

Blades  of  fans  shown  in  fig.  45.  A,  centre  line  of  fan  spindle  ; 
arrow  It  shows  direction  of  outlet ;  arrow  C  shows  direction  of 
rotation. 
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termed  the  air  efficiency  - — ,  and  which  we  also  denoted 

a»V2 

byN. 

The  number  of  vanes  of  each  fan,  together  with  their 
shape  and  direction  of  curvature,  are  given  in  Table  8. 
The  casing  in  which  the  vanes  revolved  differed  consider- 
ably in  shape,  but  was  always  of  cast  iron.  The  vanes 
revolved  in  some  cases  with  the  concave,  in  some  with  the 
convex,  and  in  others  with  the  flat  side  to  the  outlet. 
They  were  set  both  radially  and  inclined  to  the  centre  of 
the  shaft.  Tests  were  made  to  determine  the  effect  of 
driving  the  fan  with  the  blades  revolving  in  the  opposite 
direction  to  that  indicated  by  the  makers,  and  an  increase 
in  delivery  sometimes  resulted,  although  other  conditions 
remained  the  same.  A  drawing  of  each  fan  is  given  in 
fig.  45.  The  maximum  efficiency  or  the  best  experiment 
on  each  is  given  in  Table  8,  and  the  volumetric,  mano- 
metric  (or  pressure),  and  mechanical  efficiencies  are  repre- 
sented graphically  in  figs.  48,  49,  and  50.  As  regards 
possible  errors,  the  speeds,  pressures,  and  quantities  of  air 
are  probably  correct  to  within  3  and  4  per  cent.  Table  9 
gives  the  results  of  the  experiments  on  the  different  fans 
with  maximum  and  minimum  equivalent  orifices,  together 
with  particulars  as  to  speeds,  etc.,  observed  in  the  tests. 

Donkin's  Experimental  Apparatus.  — A  conical  piece  of  pipe 
X  Y  (fig.  46),  fitting  the  outlet  of  each  fan,  was  bolted,  as 
shown,  to  the  fan  under  test  on  one  side,  and  to  a  wrought- 
iron  pipe,  1 4 -£%  in.  in  diameter,  at  the  other.  This  latter  was 
used  for  all  experiments.  Each  fan  was  driven  from  a 
small  engine  by  a  strap  from  a  rigger  fixed  on  the  crank 
shaft.  Two  assistants  started  the  counters  by  signal  at  the 
same  instant,  and  at  the  end  of  the  experiment  they  were 
similarly  thrown  out  of  gear.  By  this  means  the  speeds 
and  slip  of  the  strap  were  ascertained.  At  B  and  B  two 
pipes  of  £  in.  diameter  were  fixed  to  the  air-pipe  Y  Z,  and 
to  these  were  attached  two  U  water  gauges,  by  which  the 
static  pressures  of  air  were  observed.  The  dynamic  pres- 
sures were  obtained  by  means  of  a  dial  gauge  of  special 
design.  The  circular  pieces  of  wove  wire  or  perforated 
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zinc  were  fixed  inside  the  pipe  at  C,  causing  the  air  to  be 
uniformly  baffled,  diminishing  the  flow  through  the  fan, 


but  increasing  the  pressures  as  the  areas  were  successively 
reduced.  These  pieces  of  wire  or  zinc  were  changed  for 
each  experiment.  The  free  end  of  the  pipe  at  Z  delivered 
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the  air  from  the  fan  into  the  atmosphere.  The  Pitot  tube 
system  was  adopted  for  the  measurement  of  the  air  as  being 
quite  as  correct  as,  and  more  convenient  than,  an  anemo- 
meter. The  recording  of  the  air  depended  on  the  discharge 
pipe  being  uniformly  baffled,  so  that  eddies,  which  are  set 
up  by  sudden  contraction  at  a  single  orifice,  as  was  the 
case  in  the  experiments  made  by  Heenan  and  Gilbert,  were 
avoided. 

It  was  shown  in  the  Breslau  experiments,  made  by  the 
Prussian  Mining  Commission,  in  1884,  that  anemometers 
give  too  high  results  when  calibrated  in  the  usual  way  in 
a  circular  path.  The  speeds  of  the  air  on  issuing  from  the 
pipe  into  the  atmosphere  were  measured  at  Z  in  the  follow- 
ing way :  A  carefully-made  brass  Pitot  tube,  J  in.  in 
internal  diameter,  was  held  in  the  hand,  with  its  open  end 
facing  the  currents  of  air  at  Z.  The  other  end  was  con- 
nected by  an  indiarubber  pipe  to  a  special  dial  water 
gauge  (fig.  46),  on  which  the  dynamic  pressures  due  to 
varying  velocities  of  air,  at  different  positions  in  the  pipe, 
were  indicated.  On  this  gauge  a  deflection  of  33  milli- 
metres represented  a  water  pressure  of  1  millimetre.  At 
the  free  end  of  the  pipe  at  Z  a  template  of  wire  was  fixed, 
dividing  it  into  eight  equal  areas  (fig.  47).  At  the  centre 
of  gravity  of  each  of  these  areas  the  Pitot  tube  was  sup- 
ported by  the  wire  template.  The  mean  of  these  eight 
readings  in  each  experiment  was  taken  as  the  average 
pressure  in  millimetres  of  water.  (As  a  measurement  of 
the  mean  velocity  it  would  have  been  more  accurate  to 
•take  the  mean  of  square  roots  of  all  the  readings,  as  we  have 
shown  that 

v  = 

where  v  is  measured  in  ft.  per  min.,  h  in  inches,  and  8  and 
o-  are  the  densities  of  water  and  air.)  The  dynamic  air 
pressure  was  also  taken  at  a  distance  of  two-thirds  of  the 
radius  from  the  centre  of  the  pipe.  The  Breslau  experi- 
ments showed  that  this  particular  position  gave  the  mean 
dynamic  air  pressure  in  the  pipe  due  to  the  mean  velocity, 
a  result  which  was  confirmed  by  Donkin's  tests.  The 
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mean  dynamic  pressure  at  Z  having  been  thus  obtained, 
the  mean  velocity  of  the  air  was  deduced  from  the  formula 
(2)  given  in  the  list  of  formula  used  in  the  experiments. 
The  mean  velocity  having  been  determined,  the  quantity 
of  air  in  cu.  ft.  per  sec.  was  obtained  by  multiplying  the 
velocity  by  the  area  of  the  pipe.  The  latter  was  gauged 
inside  the  end  of  the  pipe  Z,  allowance  being  made  for  the 
wire  template.  The  temperature  of  the  air  at  Z  was  noted 
in  each  experiment  with  a  wet  and  dry  bulb  thermometer, 
and  the  barometric  pressure  was  also  observed. 

The  eleven  types  of  fan  used  in  Donkin's  experiments  were — 
No.  I.,  figs.  45,  44,  was  made  with  twenty  specially  shaped 
wrought-iron  vanes  curved  in  two  directions,  and  revolving 
with  the  concave  side  to  the  outlet.  The  casing,  of  volute 
form,  gradually  increased  in  cross-sectional  area  towards  the 
outlet,  and  there  was  only  one  inlet  for  air  of  special  bell- 
mouthed  form.  The  driving  shaft  was  fixed  in  the  centre 
of  the  inlet,  with  a  cone  on  its  end  to  guide  the  air  to  the 
revolving  blades ;  there  was  no  bearing  or  obstruction  to 
prevent  the  air  from  entering  freely.  The  two  brass  bear- 
ings for  the  shaft,  one  with  three  thrust  collars  and  one 
plain,  measured  If  in.  diameter  by  5J  in.  long.  This  fan 
worked  very  quietly.  Details  of  the  ten  experiments  per- 
formed on  this  fan  are  given  in  Table  7.  Little  attention 
was  paid  to  ensuring  any  particular  speed  in  each  experi- 
ment, as  it  was  found  in  the  fans  tested  that,  all  other 
conditions  being  the  same,  the  quantity  of  air  delivered 
was  proportional  to  the  speed.  The  three  efficiencies  of 
this  fan  are  all  high.  Two  special  experiments  were  made 
with  a  sheet  of  perforated  zinc  in  the  pipe — one  with  the 
vanes  varnished  and  covered  with  coal  dust  to  represent 
dirty  vanes  in  a  coal  mine,  and  the  other  with  vanes  clean 
and  bright.  Corrected  for  speed,  the  results  of  the  com- 
parison showed  that  10 \  per  cent,  more  air  was  delivered 
by  the  clean  vanes,  but  the  mechanical  efficiency  was  about 
the  same.  The  pressure  efficiency  was  11  per  cent.,  and 
the  volumetric  efficiency  6  per  cent,  higher  with  clean  than 
with  dirty  vanes.  Two  experiments  were  made,  one  with 
.the  large  bell  mouthed  inlet  fixed  in  place  as  designed, 
and  one  with  it  removed.  Corrected  for  speed,  the  result 
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showed  that  31  per  cent,  more  air  was  passed  when  the 
inlet  was  used,  and  the  mechanical  efficiency  was  9  per 
cent,  higher.  The  pressure  efficiency  was  33  per  cent., 
and  the  volumetric  15  per  cent,  higher.  This  proves  the 
advantage  of  admitting  the  air  without  shock  and  in  the 
right  direction.  In  fig.  47  is  given  the  variation  of  the 
pressures  at  the  end  of  the  pipe,  taken  with  a  Pitot  tube 
connected  with  the  dial  water  gauge,  in  an  experiment 
on  this  fan.  The  pressure  was  taken  in  each  of  the  eight 
equal  areas.  In  this  experiment,  with  two  sheets  of  per- 
forated zinc  in  the  pipe,  the  mean  of  the  eight  readings 


FIG.  47.— SUBDIVISION  OF  PIPE  FREE-END. 

End  view  of  pipe  at  3,  show-  Cross-section  of  pipe,  show- 
ing points  at  which  pres-  ing  pressures  at  the  eleven 
sures  were  taken.  positions  in  inches  of 

water. 

gave  a  velocity  of  1,888  ft.  per  min.  (Table  7).  The 
velocity  obtained  from  the  pressure  at  the  centre  of  the 
pipe  taken  at  the  same  time  was  1,929  ft.  per  min.,  and 
that  taken  from  the  mean  of  the  pressures  at  points  two- 
thirds  of  the  radius  from  the  centre  was  1,896  ft.  per  min. 
No.  II.,  figs.  45,  44,  had  twelve  short  curved  vanes  cast 
in  one  piece,  revolving  concave  to  the  outlet.  Some  experi- 
ments, however,  were  made  with  the  vanes  running  in  the 
opposite  direction  to  ascertain  the  effect  on  the  pressures 
and  quantities  of  air.  The  outer  cast-iron  casing  was  of 
volute  form  gradually  increasing  in  area  towards  the  outlet. 
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It  was  provided  with  two  central  air  inlets.  Two  experi- 
ments were  made  with  the  vanes  reversed  and  revolving 
convex  to  the  outlet.  The  increase  in  the  quantity  of  air 
delivered  due  to  the  vanes  revolving  concave  to  the  outlet 
was  found  to  be  11  per  cent.  The  mechanical  efficiency 
was  5  per  cent,  less  in  the  latter  case,  but  in  the  pressure 
efficiency  a  gain  of  5J  per  cent,  and  in  volumetric  efficiency 
a  gain  of  2J  per  cent,  were  effected. 

No.  III.,  figs.  45,  43,  was  the  simplest  tested,  and  had  only 
six  short,  straight  radial  wrought-iron  vanes  with  two  inlets 
for  air  ;  the  cast-iron  casing  was  eccentric  to  the  shaft,  so 
that  the  cross -sectional  area  gradually  increased  towards 
the  outlet.  The  fan  worked  quietly  and  the  three  efficien- 
cies occupied  a  relatively  good  position. 

No.  IV.,  figs.  45,  44,  was  of  a  special  duplex  type,  the  air 
passing  from  an  outer  to  an  inner  casing,  and  from  thence 
to  the  outlet.  The  vanes  were  mounted  on  a  central  plate 
of  wrought  iron,  so  that  one-half  of  them  were  in  the  outer 
and  the  other  half  in  the  inner  casing.  There  were  eight 
large  and  eight  small  vanes  on  each  side  of  the  centre  plate 
revolving  concave  to  the  outlet.  The  bearings  of  white 
metal  were  three  in  number,  1^  in.  diameter  and  5  in.  long. 

No.  V.,  figs.  45,  44,  was  made  with  twenty-four  short- 
curved  wrought-iron  vanes,  intended  to  revolve  with  the  con- 
cave side  to  the  outlet.  It  was  of  the  double  flow  type,  being 
provided  with  two  cones  mounted  on  the  shaft,  and  bell- 
mouthed  inlets  to  direct  the  entering  air.  The  outer  casing 
was  of  cast-iron  of  volute  form,  the  area  increasing  gradu- 
ally to  the  outlet.  The  two  bearings,  arranged  to  allow  for 
any  deflection  of  the  shaft,  were  1/j-  in.  in  diameter  by 
4f  in.  long,  and  were  placed  well  away  from  the  inlets.  It 
will  be  seen  that  the  three  efficiencies  in  the  best  experi- 
ment are  all  relatively  high.  One  experiment  was  made 
with  the  two  external  bell-mouthed  inlets  removed,  the 
directions  of  the  vanes  remaining  the  same.  The  gain — 
due  to  these  inlets — was  3^  per  cent,  in  the  quantity  of  air 
delivered,  4£  per  cent,  in  mechanical  efficiency,  and  5f  per 
cent,  in  pressure  efficiency. 

No.  VI.,  figs.  45,  43,  had  six  vanes,  but  their  curvature  was 
not  continuous  ;  at  about  the  middle  they  were  set  back  and 
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then  continued  to  the  full  radius.  They  were  intended  by 
the  maker  to  revolve  convex  to  the  outlet.  There  were 
two  inlets  and  two  cast-iron  bearings,  1£  in.  diameter  by 
8  in.  long.  This  fan  worked  with  a  humming  noise.  In 
the  eleven  experiments  the  three  efficiencies  were  not  high, 
and  were  lower  than  in  many  of  the  other  fans.  An  ex- 
periment made  with  the  vanes  revolving  concave  to  the 
outlet  gave  a  gain  in  discharge  of  25  per  cent.  The 
mechanical  efficiency  v/as  about  the  same,  and  the  pressure 
efficiency  19  per  cent,  higher. 

No.  VII.,  figs.  45,  43,  is  a  type  that  has  been  used  in  this 
country  for  many  years.  It  has  six  wrought-iron  vanes 
revolving  convex  to  the  outlet.  The  vanes  are  considerably 
curved,  and  longer  than  in  the  other  types.  There  are 
two  air  inlets,  but  the  bearings  are  placed  very  near  them, 
an  arrangement  which  prevents  the  free  entrance  of  the  air. 
The  spindle,  1|  in  in  diameter,  revolved,  in  bearings  7  in. 
long,  centrally  with  the  inlets  and  the  cast-iron  outer 
casing.  The  air  passage,  between  the  ends  of  the  revolving 
vanes  and  the  casing,  was  not  increased  in  area  towards  the 
outlet,  as  in  the  other  fans. 

No.  VIII.,  figs.  45,  43,  was  somewhat  similar  to  the  last- 
mentioned,  and  had  six  wrought-iron  vanes  of  consider- 
able curvature  intended  to  run  convex  to  the  outlet. 
There  were  two  inlets  for  air,  and  the  centre  of  the  shaft 
was  placed  centrally  with  these,  but  slightly  eccentric  to 
the  outer  casing.  The  spindle  was  supported  in  two  cast- 
iron  bearings,  1|  in.  diameter  arid  7  in.  long,  which  were 
close  to  the  inlets.  The  efficiencies  were  somewhat  low. 
Other  experiments  were  made  with  vanes  running  concave 
to  the  outlet,  to  ascertain  the  effect  on  the  quantity  of  air 
delivered,  power,  etc.  Corrected  for  speed,  the  quantity 
of  air  delivered  was  5J  per  cent,  greater,  the  mechanical 
efficiency  11  per  cent,  less,  the  pressure  efficiency  7  per 
cent,  more,  and  the  volumetric  efficiency  about  the  same 
as  with  the  vanes  running  convex  to  the  outlet.  Other 
experiments  proved  that  the  static  head  inside  the  casing 
increased  gradually  round  the  circumference  from  4|-  in. 
of  water  just  above  the  outlet  to  5|  in.  near  the  outlet 
(so  that  the  volute  was  imperfectly  designed). 
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No.  IX.,  figs.  45,  44,  represents  a  type  used  in  consider- 
able numbers  on  the  Continent.  Four  vanes,  an  unusually 
small  number,  of  thin  cast  iron  are  provided,  and  are 
intended  to  revolve  concave  to  the  outlet.  There  are  two 
inlets  for  the  air,  placed  centrally  to  the  shaft  and  also  to 
the  outer  casing,  which  was  of  cast  iron.  The  two  bear- 
ings, with  white  metal  linings,  were  1  in.  in  diameter  by 
5  in.  long.  These  were  situated  close  to  the  inlets.  The 
fan  was  always  noisy,  especially  at  small  orifices. 

No.  X.,  figs.  45,  43,  was  designed  especially  to  deliver  a 
small  quantity  of  air  at  a  high  pressure.  There  were  in  all 
eighteen  vanes,  six  of  which  were  whole  vanes,  with  twelve 
half  vanes  interposed.  They  were  all  cast  in  one  piece 
and  straight,  but  not  set  radially  to  the  centre.  There 
were  two  inlets  centrally  with  the  shaft,  coned  to  guide 
the  entering  air.  The  boss  of  the  revolving  part  was  also 
curved  to  assist  the  entrance  of  the  air.  The  outer  casing 
was  of  cast  iron,  set  concentric  with  the  shaft  and  of 
rectangular  section,  gradually  increasing  in  area  to  the 
outlet.  The  bearings  were  1/F  in.  diameter  and  6  in.  long, 
placed  well  away  from  the  air  inlets.  Thirteen  experi- 
ments were  made  with  a  different  number  of  baffles.  It 
will  be  seen  that  this  fan  gave  fairly  good  results  com- 
pared with  others,  but  it  must  be  remembered  that  it  was 
designed  to  produce  pressure.  One  experiment  was  made 
with  the  vanes  running  in  a  contrary  direction  to  that 
shown  in  the  figure.  The  results  corrected  for  speed 
showed  that  the  quantity  of  air  delivered  was  31  per  cent, 
more,  the  mechanical  efficiency  4  per  cent,  less,  the 
pressure  efficiency  1J  per  cent,  less,  and  the  volumetric 
efficiency  3  per  cent,  higher.  (This  last  is  difficult  to 
understand,  for  if  the  discharge  was  31  per  cent,  greater, 
the  volumetric  efficiency,  which  varies  as  the  discharge 
and  inversely  as  the  speed  for  a  given  fan  at  a  given 
orifice,  should  also  be  31  per  cent,  more.)  The  fan  worked 
quietly.  An  attempt  was  made  to  obtain  the  pressure  and 
velocity  of  the  air  between  the  casing  and  the  revolv- 
ing blades  when  running  at  1,758  rev.  per  min.,  and 
with  three  sheets  of  perforated  zinc  superposed  in  the 
pipe.  A  Pitot  tube  was  held  against  the  current  close  to 
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the  edge  of  the  revolving  blades,  and  also  as  near  the 
inside  of  the  casing  as  possible.  The  pressure  was  found 
to  be  higher  when  close  to  the  vanes.  At  D,  No.  X., 
fig.  45,  the  dynamic  pressure  when  the  tube  was  held 
close  up  to  the  vanes  was  11^  in.  of  water,  corresponding 
with  a  velocity  of  13,080  ft.  per  min.,  and  with  the  tube 
as  near  the  outer  casing  as  possible  the  pressure  was 
9||  in.  of  water,  or  12,500  ft.  per  min.  At  E,  the  opposite 
point  on  the  circumference,  the  dynamic  pressure  when 
the  tube  was  held  close  to  the  vanes  was  11 J  in.  head 
of  water,  or  13,690  ft.  per  min.,  and  with  the  tube  as 
near  the  outer  casing  as  possible  11 J  in.,  or  13,480  ft.  per 
min.  Thus  it  will  be  seen  that  the  velocity  of  the  air 
increased  round  the  inside  of  the  casing  with  the  direction 
of  rotation  for  the  same  speed  of  fan.  (If  we  can  judge 
from  the  figure,  the  increase  of  section  round  the  casing 
was  not  proportional  to  the  angle,  so  that  the  ratio  of  the 
section  to  the  quantity  of  air  passing  through  it  gradually 
decreased  towards  the  outlet,  and  this  would  account  for 
the  increase  of  velocity  mentioned.  The  less  velocity 
near  the  outside  of  the  casing  was  probably  due  to  skin 
friction.)  The  static  pressure  at  A  in  the  experimental 
apparatus,  fig.  46,  at  the  same  time  was  9^  in.  of  water, 
and  the  quantity  of  air  delivered  was  1,291  cu.  ft. 
per  min. 

No.  XI,  figs.  45,  44,  was  made  with  blades  fixed  on  one 
side  only  of  a  disc,  having  ten  cast-iron  slightly-curved 
thick  vanes  revolving  concave  to  the  outlet.  It  had  only 
one  inlet,  which  was  so  constructed  that  the  air  entered, 
not  parallel  with  the  fan  shaft,  as  in  all  the  other  fans 
tested,  but  at  right  angles  to  it.  In  this  way  a  rotary 
motion  was  given  to  the  air  before  it  came  in  contact  with 
the  revolving  vanes.  The  object  of  this  arrangement  was 
to  minimise  friction.  The  experiments,  however,  show 
that  it  was  of  little  use.  The  outer  casing  was  of  cast 
iron  of  volute  form.  There  were  two  cast-iron  bearings, 
1J  in.  diameter,  about  8  in.  long.  Nine  experiments  were 
made  with  the  usual  baffles.  It  will  be  seen  that  the 
three  efficiencies  occupy  a  low  position  in  the  plotted 
results  shown  in  figs.  48,  49,  50. 
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I.  Donkin  draws  the  following  practical  conclusions 
from  the  above  tests.  It  seems  that  few  English  and  Con- 
tinental makers  make  experiments  to  ascertain  the  quantity 
of  air  delivered,  the  pressure,  and  the  power  absorbed. 
Sufficient  attention  is  not  given  to  the  admission  of  air  to 
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FIG.  50.  —  EFFICIENCIES  OF  FANS  :  DONKIN'S  TESTS. 

The  roman  numerals  refer  to  the  types  of  fan  illustrated 
in  fig.  45,  p.  86. 

the  centre  of  the  fan  to  reduce  friction.  The  number  and 
shape  of  the  vanes  and  their  direction  of  rotation  seem 
often  to  have  been  guessed  at,  and  not  deduced  from 
experiment.  Between  20  and  25  vanes  give  the  best 
results.  The  shape  of  the  blades,  their  number,  and  the 
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space  between  them  and  the  outer  casing  exercise  a  con- 
siderable influence  on  the  various  efficiencies.     The  final 
inclination  or  angle  of  the  vanes  at  their  circumference  has 
more  effect  on  the  pressure  of  the  air,  and  less  on  the 
mechanical    and    volumetric    efficiencies.     The   revolving 
portion  of  the  fan  should  always  be  accurately  balanced. 
Donkin  recommends  continuous  lubrication  at  high  speeds 
;\  to  reduce  journal  friction,  and  allowance  should  be  made 
'   for  the  deflection  of  the  spindle.     The  pulley  should  not 
;»tye  too  small  f  or  narrow,  so  as  to  reduce  the  slip  of  the 
.   -'Strap.     Thy  'friction  of  the  air  inside  the  casing  is  often 
excessive,  and  care  should  be  taken  to  allow  its  entrance 
and  passage  through  the  vanes  and  out  of  the  fan  with  a 
minimum    of    skin    friction.     Changes   of   direction   and 
shocks  should  be  avoided  as  much  as  possible. 

Formulce  used  in  Donkin' s  Experiments. — These  formulae 
are  expressed  in  metric  measures,  which  were  used  by 
Donkin.  The  results  are  tabulated  in  English  measures  to 
accord  with  the  text.  -, 


where  V  =  velocity  of  air  in  metres  per  sec.  at  the  end  of 
the  pipe  Z,  and  h  =  pressure  in  millimetres  of  water. 


where  H  =  metres  of  air,  h  =  pressure  in  millimetres  of 
water,  w  =  weight  of  1  cubic  metre  of  air  in  kilograms  at 
the  atmospheric  pressure  and  temperature. 

V=WA (2«) 

at  the  er 
water. 

Theoretical  H.P.* j  =  QxwxH  ,    } 

inchevaux-vapeur/  75 

*  The  writer  does  not  make  it  clear  whether  or  no  the  H.P.  required 
to  drive  the  fan  shaft  is  also  in  chevaux-vapeur.  One  cheval-vapcur  = 
0-986  English  H.P. 

where  Q  =  quantity  of  air  delivered  in  cubic  metres  per  sec. 

Mechanical)  _  theoretical  H.P.  / ,  . 

efficiency  J      H.P.  required  to  drive  fan  shaft     '  a' 

tfH 
Pressure  efficiency  =  ~r   ....     (oa) 

V2 


PRUSSIAN   MINING  COMMISSION   TESTS  103 

where  #=9*81  metres,  per  sec.,  per  sec.,  and  vz  =  peripheral 
speed. 

Volumetric  efficiency  =  -—=-»     .     .     . 

W 
where  r2  =  external  radius  in  metres. 


Orifice  in  square  metres 

Equivalent  orifice  (in  square  metres)  =  -—  —  ,  (Sa) 

}     0-65  V2^H 
=  Orifice  x  1-088. 

Appended  to  this  was  a  short  account  of  the  ex- 
periments made  by  the  Prussian  Mining  Commission  in 
1884  on  the  measurement  of  air  in  a  pipe  by  different 
methods,  from  a  large  air-holder  at  the  Breslau  gasworks. 

Prussian  Mining  Commission  Tests  (1884).  —  A  spare  gas- 
holder was  used  for  measuring  the  volume  of  the  air.  It 
was  85'3  ft.  in  dia.,  contained  70,634  cu.  ft.,  and  served  to 
check  the  other  methods  adopted  by  the  Commission.  The 
tests  were  probably  the  best  that  have  been  published  on 
the  measurement  of  air  by  the  following  methods  :  (1)  by 
anemometers  ;  (2)  by  Fitot  tubes  ;  (3)  through  circular  and 
square  orifices.  The  practical  questions  the  Commission 
endeavoured  to  solve  by  using  this  holder  and  causing  the 
air  to  pass  through  a  pipe  were  the  following  :  — 

1.  Do   the   formulae   generally   used   for    standardising 
anemometers  in  a  circular  path  in  still  air  give  correct 
results  1 

2.  Can   the  instrument  known   as  the   Pitot   tube   be 
applied  practically  for  measuring  the  speed  of  air  ;  and,  if 
so,  what  formula  should  be  used  for  calculating  the  speed 
and  quantity  of  air  1 

3.  May  the  fall  in  pressure  between  one  side  and   the 
other  of  a  thin  orifice  interposed  in  a  pipe  be  used  for  cal- 
culating the  quantity  of  air  ;  and,  if  so,  what  formula  should 
be  applied  ? 

4.  What  is  the  loss  of  head  due  to  friction  in  regard  to 
length  and  diameter  of  pipe  used  1 
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About  eighty  careful  experiments  were  made,  and  the 
results  and  calculations  appear  to  have  been  well  checked. 
The  cast-iron  pipe  was  14'3  in.  dia.  and  33  ft.  long.  For 
stopping  and  starting  the  anemometers  quickly  and  accu- 
rately an  electrical  arrangement  was  adopted.  The  vertical 
fall  of  the  air-holder  in  several  places  was  carefully  deter- 
mined electrically.  The  first  series  of  experiments  in  1884 
were  made  with  the  air-holder  at  a  water  pressure  of  2f  in., 
but  in  the  1885  tests  the  holder  was  loaded  and  the  pres- 
sure was  increased  to  4J  in.  of  water.  The  density  and 
temperature  of  the  air  were  noted,  and  the  experiments 
were  made  during  the  autumn  to  avoid  the  heating  effect 
of  the  sun  upon  the  wrought-iron  holder.  U -gauges  were 
fixed  at  different  parts  of  the  pipe.  A  Pitot  tube  was 
used  for  measuring  the  dynamic  pressures  of  air,  not  only 
at  the  centre  and  at  two-thirds  of  the  radius  distant  from 
it,  but  also  round  the  inner  circumference  of  the  pipe. 
The  circular  orifices  used  in  these  experiments  measured 
7-03  in.  and  9*96  in.  dia.  The  square  orifice  measured 
6-26  in.  along  the  side.  The  rectangular  orifice  was 
9-17  in.  by  4-45  in.  The  experimental  coefficient  deter- 
mined for  the  circular  orifice  was  0'64,  and  for  the  square 
and  rectangular  orifices  0  61.  Four  Casella  anemometers 
and  one  Robinson  anemometer  were  tested.  The  Casella 
anemometers,  previously  tested  in  the  usual  way  at  the 
end  of  a  radius  bar  and  compared  with  direct  measurement 
of  air  from  the  holder,  showed  variable  errors,  the  excess 
ranging  between  7  and  13  per  cent.  Anemometer  readings 
should  therefore  be  accepted  with  caution.  In  the  14'3  in. 
cast-iron  pipe  a  considerable  difference  in  speed  was  found 
at  different  parts  and  in  the  same  vertical  plane.  The 
centre  gave  the  maximum  speed  and  pressure  and  the  inner 
circumference  the  minimum  ;  the  mean  speed  of  the  air 
was  found  to  be  at  two-thirds  of  the  radius  from  the  centre 
of  the  pipe.  With  regard  to  the  resistance  to  the  move- 
ment of  the  air  in  the  pipe  used,  the  following  are  the  con 
elusions  deduced  from  these  experiments  and  given  in  the 
report :  (1)  that  the  resistance  of  the  air  increases  as  the 
square  of  its  speed  in  the  pipe  ;  (2)  the  resistance  to  the 
air  in  the  pipe  decreases  as  the  diameter  of  the  pipe  to  the 
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power  ^  ;  (3)  the  resistance  of  air  in  the  pipe  increases  as 
the  density  of  the  air  to  the  power  f .  These  conclusions 
apply  to  cast-iron  pipes  only. 

To  obtain  the  quantity  of  air  by  means  of  a  Pitot  tube 
the  following  formula  is  given  : — 

Velocity  of  air  in  metres  per  sec. 


A  r>/*K      /pressure  m  millimetres  of  water 
=  4-265  A/  1-  —  -  —  :  — 

V  density  of  air 

when  the  temperature  of  the  air  is  zero  Centigrade.  If  it 
is  altered  for  the  warmer  temperatures  of  air  it  becomes 
very  nearly  the  same  as 


the  formula  used  by  Bryan  Donkin. 

Belgian  Commission  (1892)  Experiments  on  Mine  Fans11— 
The  object  of  this  Commission  was  not  scientific,  but  prac- 
tical. They  decided  to  examine  a  limited  number  of  fans 
from  the  following  points  of  view  :  (1)  Quantity  discharged; 
(2)  mechanical  efficiency;  (3)  safety  of  working;  (4)  cost 
of  construction  and  erection  ;  (5)  accessory  advantages  and 
disadvantages.  The  great  number  of  types  of  fans  com- 
pelled them  to  limit  their  experiments  to  the  following  : 
The  Guibal,  Ser,  Capell,  and  Rateau,  and  four  of  each  type 
were  chosen,  but  unfortunately  the  equivalent  orifices  of 
the  fans  were  not  varied,  the  orifices  being  those  of  the 
mines  themselves.  Each  fan  was  tested  at  its  normal 
speed,  and  at  ten  rev.  per  min.  above  and  below  this  rate. 
The  following  other  measurements  were  made  —  the  revolu- 
tions of  the  engine,  water  gauge,  discharge,  horse  power, 
and  in  certain  cases  temperature  and  barometric  pressure. 
The  manometric  tube  was  either  in  the  fan  drift  or  close  to 
the  eye  of  the  fan,  and  was  either  at  right  angles  to  the 
direction  of  the  current,  or  turned  to  face  it.  The  fan 
drift  was  usually  divided  at  some  point  into  a  number  of 
rectangles,  and  the  anemometer  was  held  in  each  of  these 
by  a  man  in  such  a  position  that  he  did  not  obstruct  the 
flow  of  the  air. 

The  first  type  of  fan   tested   was  the  Guibal,    which, 
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although  the  earliest  used,  may  be  found  ventilating  many 
mines  at  the  present  day,  both  in  this  country  and  abroad. 
Its  wheel  is  generally  of  considerable  diameter,  carrying  a 
number  of  vanes,  and  enveloped  over  most  of  the  circum- 
ference, allowing  the  air  to  escape  by  a  single  opening, 
regulated  by  a  shutter  to  suit  the  orifice  of  the  mine.  The 
air  enters  the  eye,  and  by  its  centrifugal  action  it  reaches 
the  circumference  and  passes  out  at  the  chimney.  The 
vanes  of  Guibals  are  sometimes  plane,  and  inclined  in  the 
opposite  direction  to  that  of  rotation,  but  are  usually 


FIG.  52. 


GUIBAL  FAN. 


curved  near  the  outer  extremity  until  they  become  radial. 
The  number  of  vanes  lies  between  six  and  ten  for  sizes 
varying  between  19  ft.  and  40  ft.  The  breadth  of  wheel 
for  these  diameters  lies  between  4-J  ft.  and  10  ft.  The 
chimney  expands  from  the  wheel  to  the  mouth  in  order  to 
reduce  the  velocity  and  increase  the  pressure  of  the  air. 
Figs.  51,  52,  53,  54  show  two  examples  of  Guibals,  the 
first  of  which  is  39  J  ft.  in  diameter,  and  the  latter  19  ft. 
The  breadth  of  wheel  of  the  first  is  8 J  ft.,  and  of  the  latter 
6-4  ft.  The  Ser  fan,  figs.  55,  56,  was  designed  in  1878  by 
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Professor  Ser,  of  the  Ecole  Centrale  of  Paris.  The  theory 
of  this  fan  is  published  in  the  "  Memoires  de  la  Societe  des 
Ingenieurs  Civils  for  1878."  It  consists  of  a  circular  plate 
fixed  to  the  shaft  and  carrying  on  each  side  32  curved 
vanes,  each  of  which  forms  part  of  a  cylindrical  surface 
whose  generatrices  are  parallel  to  the  shaft,  and  whose 
transverse  section  is  circular.  Their  width  is  constant,  and 
it  is  arranged  that  inflow  shall  take  place  without  shock. 


FIG.  53. 


FIG.  54. 


GUIBAL  FAN. 


The  relative  direction  of  outflow  is  at  an  angle  of  45°  with 
the  radius.  Inflow  takes  place  at  both  sides,  and  the  fan 
is  provided  with  a  volute  and  expanding  chimney.  The 
volute  is  so  designed  that  the  loss  of  energy  at  entrance 
from  the  circumference  of  the  fan  is  a  minimum,  and  the 
sides  of  the  chimney  are  inclined  at  not  more  than  1  in  8 
to  avoid  the  loss  due  to  sudden  enlargement  of  passage. 
This  type  of  fan  is  made  in  sizes  varying  from  4-6  ft.  to 
8-2  ft.  The  Capell  fan  (figs.  57,  58)  is  formed  of  two 
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fans,  one  outside  the  other.     The  inner  fan  consists  of  a 
drum  of  steel  plate,  closed  on  one  side  if  there  is  a  single 


FIGS.  55  AND  56.— SER  FAN. 


FIGS.  57  AND  58. — CAVELL  FAN. 

eye.  Its  diameter  is  that  of  the  eye.  The  cylindrical 
surface  contains  six  openings,  usually  rectangular,  spaced 
equally  round  the  circumference,  having  an  area  not  less 
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than  that  of  the  eye.  Six  vanes  of  steel  plates  of 
cylindrical  shape  convex  to  the  direction  of  outflow  end  at 
one  of  the  sides  of  the  openings  in  the  drum.  The  second 
part  of  the  wheel  is  larger  than  the  first,  and  is  completely 
closed  at  the  sides  by  two  annular  discs  of  steel  plate ; 
this  part  has  six  vanes  curved  backwards.  The  casing  is 
formed  of  a  volute  and  a  chimney  of  considerable  taper. 
Capell  fans  are  constructed  in  sizes  up  to  20  ft.  for  mine 
ventilation.  The  Rateau  ventilator  has  already  been 
described. 

In  the  experiments  the  following  formulae,  were  used : — 

Useful  work  in  the  chevaux-vapeur,*  t=  -=^     .     (Ib) 
*  Equal  to  0'986  of  1  horse  power. 

where  Q  is  the  number  of  cubic  metres  per  sec.  and  h  the 
water  gauge  in  millimetres  of  water.  • 

Equivalent  orifice  o  in  square  metres  =  0'38  — -j=-     .     (2£>) 

Mechanical  efficiency  =  7* (36) 

where  T  is  the  indicated  horse  power. 

Manometric  efficiency  =  -^-, 

where  v2  =  the  peripheral  speed,  and  w  the  weight  of  a  cubic 
metre  of  air,  which  is  assumed  as  1*2. 

In  Tables  10,  11,  12,  13  will  be  found  the  results  of  the 
trials  translated  into  English  units.  Tables  14,  15,  16,  17 
give  the  principal  dimensions  of  these  ventilators,  their 
cost  and  period  of  service.  We  have  added  volumetric 
efficiencies  in  Tables  10  to  13.  The  quantities  of  air  are 
throughout  far  too  great,  as  acknowledged  by  the  experi- 
menters on  p.  30  of  their  paper,  but  relatively  to  one 
another  the  results  are  of  value. 
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TABLE  14.— DIMENSIONS,  COST,  AND  SERVICE  OF 
GUIBAL  FANS. 


No.  OF  FAN. 

1. 

2. 

3. 

4. 

Date  installed    

Jan.  '77 

Aug.  '82 

Sep.  '86 

Apl.  '91 

Period   of   service  to 

15  yrs. 

9  yrs. 

5  yrs. 

9  mths. 

January  1,  1892 

4  mths. 

4  mths. 

Total  cost  of  plant  in  £ 

1,240 

1,200 

1,236 

1,120 

Cost  of  fan  alone  in  £  .  .  . 

310 

256 

270 

180 

Dia.  of  wheel  in  ft. 

39-3 

39-3 

29-5 

19 

Breadth  of  wheel  in  ft. 

8'2 

8-2 

6-89 

6-39 

Dia.  of  eye         

131 

13-1 

9-82 

6-88 

2  eyes 

Height  of  chimney  above 

357 

32 

22-9 

34-4 

centre  of  shaft 

Length   of  mouth   of 

8-8 

11-2 

7-7 

10-65 

chimney 

Breadth    of    mouth    of 

8-2 

8-5 

6-9 

6-56 

chimney 

Dia.  of  shaft  in  inches  ... 

12-5 

10-2 

11-0 

11-4  and 

6-3 

Length  of  shaft  between 

14-5 

12-5 

12-3 

15-5 

bearings  in  ft. 

Pulley  dia.  in  ft. 

None 

None 

8-2 

None 

Weight  of  moving  parts 

44,000 

39,600 

20,650 

14,050 

inlb. 

Number  of    steam   cyl- 

1 

1 

1 

1 

inders 

Dia.  of  piston  in  inches 

26-7 

24-4 

24-4 

16-5 

Stroke  in  inches 

33-4 

39-4 

33-4 

29-5 

Dia.    of    driving    pulley 

None 

None 

13-1 

None 

in  ft. 

Distance  between   shaft 

None 

None 

26-2 

None 

centres  in  ft. 

Size  of  engine  house  in 

42-6  x 

— 

55-7  x 

10-6  x 

ft. 

13-1 

16-4 

32-8 
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TABLE  15.- DIMENSIONS,  COST,  AND  SERVICE  OF 

SER  FANS. 


No.  OF  FAN. 

V--' 

1. 

2 

3. 

4. 

Date  installed    ... 

June  '84 

July  '87 

June  '88 

Jan.  '91 

Period  of  service  to 

7  yrs. 

4  yrs. 

3  yrs. 

lyr. 

January  1,  1892 

6  mths. 

5  mths. 

6  mths. 

Total  cost  of  plant  in  £ 

1,280 

820 

720 

1,400 

Cost  of  fan  alone  in  £  ... 

480 

300 

240 

414 

Dia.  of  wheel  in  ft. 

656 

5-25 

4-59 

8-2 

Breadth  of  wheel  in  ft. 

1-18 

0-917 

0-786 

1-47 

Dia.  of  eye 

3-84 

3-11 

2-79 

4-91 

Height  of  chimney  above 

29-5 

19-65 

22-6 

36-9 

centre  of  shaft 

Length  of  mouth  of 

7-87 

5-25 

5-15 

7-87 

chimney 

Breadth    of     mouth    of 

7'71 

5-25 

5-15 

7-71 

chimney 

Dia.  of  shaft  in  inches  ... 

6-7 

5-1 

4-32 

7-46 

Length  of  shaft  between 

9-7 

6*46 

5'85 

9-25 

bearings  in  ft. 

Pulley  dia.  in  ft. 

3-28 

2-13 

1-64 

3-93 

Weight  of  moving  parts 

1,192 

— 



1,480 

inlb. 

Number    of    steam    cyl- 

1 

1 

1 

2 

inders 

tandem 

Dia.  of  piston  in  inches 

19-6 

13-8 

11-8 

15-1  and 

19-7 

Stroke  in  inches 

27'5 

29-5 

25-6 

31-5 

Dia.    of    driving    pulley 

17-3 

10-5 

8-85 

13-1 

in  ft. 

Distance  between   shaft 

24-6 

23 

19 

19-7 

centres  in  ft. 

Size  of  engine  house  in 

26-2  x 

26-2  x 

26-2  x 

26-2  x 

ft. 

23 

23 

19-6 

19-6 
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TABLE  16.— DIMENSIONS,  COST,  AND  SERVICE  OF 
CAPELL  FANS. 


No.  OF  FAN. 

I. 

2. 

3. 

Date  installed 

Mar.  '89 

July  >89 

July  '91 

Period  of  service  to  Janu- 

2 yrs. 

2  yrs. 

6  mths. 

ary  1,  1892 

10  mths. 

6  mths. 

Total  cost  of  plant  in  £  ... 

1,440 

700 

1,380 

Cost  of  fan  alone  in  £ 

360 

210 

300 

Dia.  of  wheel  in  ft. 

12-3 

8-2 

11-8 

Breadth  of  wheel  in  ft.    ... 

6-56 

5-9 

5-25 

Dia.  of  eye 

6-87 

4-59 

7-2 

2  eyes 

2  eyes 

Height  of  chimney  above 

12-45 

7-2 

14-25 

centre  of  shaft 

Length    of    mouth    of 

10-5 

9-2 

11-9 

chimney 

Breadth    of    mouth    of 

8-2 

7-87 

7-2 

chimney 

Dia.  of  shaft  in  inches 

10-4  and 

7-86 

7-86  and 

7-86 

7-06 

Length   of   shaft   between 

21-5 

18 

18 

bearings  in  ft. 

Pulley  dia.  in  ft  

3-6 

2-46 

2-95 

Weight    of    moving    parts 

26,400 

15,400 

22,000 

inlb. 

Number    of    steam    cylin- 

2 (cranks 

1 

1 

ders 

at  right 

angles) 

Dia.  of  piston  in  inches  ... 

20-5 

15-7 

17-7 

Stroke  in  inches   ... 

31-5 

23-6 

29-5 

Dia.  of  driving  pulley  in  ft. 

14-4 

9-8 

13-1 

Distance   between  shaft 

32-8 

29-5 

24-6 

centres  in  ft. 

Size  of  engine  house  in  ft. 

23  x  29-5 

36-1  x  121 

26-2x229 
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TABLE  17.— DIMENSIONS,  COST,  AND  SERVICE  OF 
RATEAU  FANS. 


No.  OF  FAN. 

1. 

2. 

3. 

4. 

Date  installed    

Oct.  '90 

Mar.  '91 

July  '91 

Aug.  '91 

Period  of  service  to 

1  5  mths.  j  10  mths. 

6  mths. 

5  mths. 

January  1,  1892 

Total  cost  of  plant  in  £ 

1,000 

1,000 

1,200 

1,200 

Cost  of  fan  alone  in  ^6  ... 

420 

380 

480 

580 

Dia.  of  wheel  in  ft. 

6-56 

6-56 

9-17 

9-17 

Breadth  of  wheel  in  ft. 

0-525 

0-525 

0-754 

0-745 

Dia.  of  eye 

3-9 

0-9 

5-5 

5-5 

Height  of  chimney  above 

— 

13-1 

18-3 

24-2 

centre  of  shaft 

Length   of  mouth   of 

Blowing 

10-65 

8-45 

19-65 

chimney 

fan 

Breadth    of     mouth    of 

— 

10-65 

7-18 

1965 

chimney 

Dia.  of  shaft  in  inches  ... 

4-3 

4-3 

6'7 

5-3 

Length  of  shaft  between 

4-9 

4-9 

45 

6-5 

bearings  in  ft. 

Pulley  dia.  in  ft. 

3-28 

3-28 

4-9 

4-9 

Weight  of  moving  parts 

3,520 

3,520 

8,460 

8,460 

inlb. 

Number   of    steam   cyl- 

1 

1 

1 

1 

inders 

Dia.  of  piston  in  inches 

12-8 

14-9 

29-5 

14-9 

Stroke  in  inches 

19-6 

23-6 

47-2 

23-6 

Dia.    of    driving    pulley 

5-9 

7-3 

20-3 

7-2 

in  ft. 

Distance   between  shaft 

16-4 

23 

41-8 

16-4 

centres  in  ft. 

Size  of  engine  house  in 

26-2  x    !   32-8  x 

39-3  x 

27-8  x 

ft. 

13-1 

27'8 

19-6 

13-1 
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Experiments  with  Rateau  Fans. — The  only  experiments 
that  we  know  of,  made  with  a  variable  number  of  vanes, 
are  those  by  M.  Rateau,  described  in  his  work  "  Con- 
siderations sur  les  Turbo-Machines,"  in  which  a  small  fan 
0-82  ft.  in  diameter  was  tested  for  water  gauge  with  18,  24, 
and  30  vanes.  The  number  of  vanes  that  gave  the  best 
result  was  18,  but  the  difference  was  trifling.  The  highest 
water  gauges  were  53  4,  53,  and  50'8  millimetres,  and  the 


TABLE  18.— RATEAU  FAN  TEST  WITH  DIFFUSER  ONLY. 
DIAMETER,  4*59  FT. 
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O)    O 
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3 

O 
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M 
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^  * 

^  § 

0) 

0" 

s§ 

^ 

Q. 

In. 

1 

405 

317 

9-5 

19 

0-50 

0-71 

0-75 

3-15 

2 

405 

454 

13-9 

25-3 

0-55 

1-02 

0-76 

3-19 

3 

405 

549 

16-0 

26-6 

0-60 

1-26 

0-72 

3-13 

4 

510 

690 

31-3 

45 

0-70 

1-27 

0-69 

4-72 

5 

411 

641 

18-2 

37 

0-49 

1-49 

0-64 

2-95 

6 

518 

802 

35-0 

55-8 

0-63 

1-50 

0-63 

4-52 

7 

414 

682 

17'1 

42-4 

0-40 

1-70 

0-57 

2-6 

8 

481 

791 

27-0 

61-9 

0-44 

1-68 

0-57 

3-54 

9 

405 

752 

15-6 

48-2 

0-36 

2-03 

0-48 

216 

10 

458 

850 

23-1 

65 

0-36 

2-02 

0-49 

2-84 

11 

402 

827 

14-1 

43-6 

0-32 

2-50 

0-43 

1-77 

12 

425      872 

16-8 

51-9 

0-32 

2-47 

0-43 

2-01 

lowest  46-5,  48 -9,  and  44,  with  18,  24,  and  30  vanes 
respectively.  Unfortunately,  no  tests  were  made  of 
mechanical  efficiency.  It  is  extremely  probable  that  a 
fewer  number  of  vanes  would  give  a  better  mechanical 
efficiency,  although  the  water  gauge  would  probably  fall. 
The  experiments  in  Table  18  were  made  with  a  Rateau  fan 
having  a  diffuser,  but  no  volute.  Inflow  took  place  from 
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one  side,  and  the  wheel  diameter  was  4*59  ft.  (fig.  59). 
The  trials  were  very  carefully  made,  as  we  see  that, 
although  experiments  3  and  4,  5  and  6,  7  and  8,  9  and  10, 
11  and  12  were  made  at  different  revolutions,  but  each  pair 
with  the  same  baffle,  the  reduced  orifices,  for  3  and  4,  are 
very  nearly  the  same,  as  also  their  manometric  efficiencies  ; 


FIG.  59. — RATEAU  FAN. 

and  the  same  may  be  said  of  each  of  the  other  pairs.  The 
mechanical,  which  is  the  indicated,  efficiency  increases 
with  the  revolutions  and  power  in  the  three  first  pairs,  and 
is  apparently  the  same  in  the  last  two.  The  increase  is 
just  what  we  might  expect,  as  the  efficiency  of  the  fan 
alone  is  constant,  and  that  of  the  engine  increases  with  the 
power,  so  that  at  a  constant  orifice  the  efficiency  of  the  two 
should  increase  with  the  power. 
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Table  19  shows  the  results  of  a  series  of  experiments 
made  with  a  Rateau  fan  of  4-59  ft.  diameter,  of  type  A, 
Table  5,  tested  October  18th,  1891.  Each  experiment 
lasted  three  minutes.  The  water  gauge  was  taken  in  an 
outlet  from  the  fan  drift  sheltered  from  the  current.  The 
discharge  was  measured  at  the  top  of  the  chimney,  which 
was  divided  into  36  equal  areas.  Tests  were  also  made  to 

TABLE  19.— RATEAU  FAN  TEST:  TYPE  A,  TABLE  1. 
4-59  FT.  DIAMETER. 
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*  d 
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g^-8 
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1 

^•M 

•s| 

"8  «'£  <» 

^   O   <D 

"eS  S«S 

Reduced 

111 

"o 

>    ° 

2  "1  ^o 

•gl-S 

'3  'C  .S* 

orifice. 

o3° 

O 

*l 

S-& 

o 

o     b°'rt 

"* 

a-0 
H 

Q. 

|f& 

Q- 

A. 

H. 

W^H 

1 

274 

546 

0-99 

71-4 

12-69 

2-19 

53 

2 

359 

614 

2-05 

146-8 

9-99 

1-70 

64 

3 

380 

635 

2-38 

170-5 

9-45 

1-63 

67 

4 

385 

592 

2-82 

201-5 

8-16 

1-41 

77 

5 

372 

519 

3-11 

222-7 

6-76 

1-17 

91 

6 

263 

324 

1-66 

118-7 

5-80 

1-00 

96 

6a 

393 

480 

3-72 

265-5 

5-69 

0-99 

98 

7 

425 

448 

4-49 

321 

4-83 

0-84 

100 

8 

438 

353 

4-62 

331 

3-76 

0-65 

97 

9 

444 

254 

4-31 

310 

2-79 

0-48 

88 

10 

444 

141 

3-86 

277 

1-61 

028 

78 

11 

340 

42 

1-93 

138-5 

0-65 

0-11 

67 

find  the  density  of  the  air,  so  that  the  correct  value  H 
might  be  found  from  the  water  gauge.  It  will  be  seen  in 
the  table  that  the  water  gauge  has  been  "  corrected." 
This  means  that  the  gauge  due  to  the  velocity  of  discharge 
has  been  added,  and  that  due  to  the  velocity  of  inflow 
subtracted ;  while  the  latter  was  correct,  the  former  was 
wrong,  because  the  velocity  of  discharge,  being  of  no 
value,  ought  not  to  be  reckoned  to  the  credit  of  the 
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machine.  If  it  were  the  custom  to  do  so,  of  what  use 
would  a  chimney  be  1 

Table  20  contains  the  results  of  10  experiments  with  a 
Eateau  fan  of  6*56  ft.  diameter  at  Villars.  It  is  the  same 
as  that  tested  by  the  Belgian  Commission,  and  is  No.  2, 
Table  13.  The  tests  were  made  in  1891,  and  show  how 
greatly  exaggerated  were  those  in  Table  13  ;  we  believe, 
however,  that  even  these  tests  are  slightly  exaggerated. 
The  discharge  was  measured  by  Casartelli  anemometers,  in 
the  same  manner  as  given  in  Table  19;  the  diagrams 
were  taken  with  Crosby  indicators,  which  could  be  trusted 
to  give  accurate  results  to  160  rev.  per  min.  In  tests 
1  to  9  the  fan  was  made  to  draw  air  from  the  mine 
and  the  atmosphere,  the  orifice  being  altered  by  the 
resistance  of  a  steel  baffle  plate  placed  at  some  distance 
from  the  fan.  The  last  test  was  made  on  the  mine  under 
normal  conditions,  and  as  the  results  agree  very  closely 
with  those  obtained  in  the  previous  experiments,  it  was 
evident  that  the  baffle  plate  was  placed  sufficiently  far 
from  the  fan.  The  water  gauge  was  taken  in  the  fan  drift 
by  a  Pitot  tube,  and  the  value  of  h  corrected  as  before. 

Table  21  gives  eight  experiments  with  a  Kateau  fan 
of  diameter  9-17  ft.,  made  on  October  19th,  1891,  at  Albi. 
The  baffle  plate  was  about  65J  ft.  from  the  fan  in  the  fan 
drift.  The  revolutions  of  the  engine  were  inferred  from 
the  readings  taken  by  the  counter  from  the  fan  shaft,  after 
it  had  been  shown  that  extremely  little  slip  took  place. 

The  values  of  h,  the  corrected  water  gauge,  were  obtained 
from  the  gauge  readings  taken  in  the  fan  drift.  The 
section  of  the  chimney  was  74'6  sq.  ft.  at  the  top, 
and  the  velocity  of  discharge  at  the  maximum  efficiency 
was  only  20  ft.  per  sec.,  corresponding  to  head  in  air  of 
6-2  ft.,  and  as  the  total  head  was  361  ft.,  the  loss  by  the 
chimney  is  small.  The  mechanical  efficiency  of  79  per 
cent,  is  probably  too  high,  and  Professor  Kateau  suggests 
that  it  is  due  to  the  indicator ;  our  own  opinion  is  that  it 
is  due  to  the  exaggeration  of  the  discharge,  and  possibly  of 
the  water  gauge.  The  manometric  efficiency  reaches  the 
value  of  112  per  cent.,  and  this  suggests  that  the  water 
gauge  is  exaggerated  owing  to  its  nearness  to  the  baffle 
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plate.  It  will  be  noticed  that  the  equivalent  orifice  is 
always  greater  than  the  opening  in  the  baffle  plate  in  the 
ratio  of  about  l-2  to  1.  This  is  partly  due  to  the  passages 
behind  the  orifice,  but  also  to  the  fact  that  the  coefficient 
of  contraction  may  be  greater  that  0-65.  It  probably 
increases  with  the  size  of  the  orifice. 

Table  22  gives  experiments  on  a  fan  of  the  same  size 
at  Montrambert,  made  on  December  6th,  1891.  The 
engine  had  a  cylinder  14-95  in.  diameter,  and  a  stroke  of 
23-6.  All  the  horse  powers  given  with  fans  of  this  type 
are  chevaux -  vapeur,  and  consequently  0-985  of  1  English 
horse  power. 

Table  23  contains  experiments  on  a  Eateau  fan,  13  ft. 
1J  in.  diameter,  at  the  Consolidation  Mines,  Westphalia. 
The  fan  was  guaranteed  to  give  175,000  cu.  ft.  of  air  per 
min.,  with  a  water  gauge  of  6  in.  and  an  equivalent  orifice 
of  28  sq.  ft.,  which  corresponds  to  a  reduced  orifice  of 
0'6  very  nearly — i.e., 

Q       =0-6. 


In  making  this  calculation  we  must  remember  that  the 
equivalent  orifice  is  1  '088  the  orifice  Q  -r-  ^/g  H. 

Centrifugal  Pump  Experiments  by  Charles  H.  Inms.12 — 
These  experiments  were  made  by  the  present  writer  on 
March  13th,  1897,  and  January  15th,  1898,  at  Wallsend 
Slipway.  Two  pumps  are  provided  to  empty  the  com- 
pany's dry  dock,  but  one  only  was  used  in  the  experi- 
ments. The  diameters  of  suction  and  discharge  are  36  in., 
that  of  the  wheel  66  in.,  while  its  internal  breadth  at  out- 
flow is  5J  in.  ;  the  internal  diameter  is  39  in.,  and  the 
vanes  are  radial  at  the  inner  circumference,  and  curve  back 
in  the  arc  of  a  circle  until  they  become  tangents  to  the 
outer  circumference.  In  both  experiments  "special  care 
was  taken  in  closing  the  gates  to  minimise  leakage,  which 
was  found  to  be  about  30  cu.  ft.  per  min. ;  this  quantity 
is  small  in  comparison  with  the  total  quantity  delivered, 
hence  it  is  neglected  in  the  calculations.  The  suction 
pipe  is  15  ft.  6  in.  long  and  36  in.  diameter,  and  the  dis- 
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charge  pipe  enlarges  with  a  bend  to  54  in.  diameter  at  the 
junction  with  the  discharge  pipe  of  the  second  pump. 
The  remainder  of  the  discharge  pipe  is  95  ft.  in  all,  54  in. 
diameter,  with  a  right  angle  bend.  We  do  not  think  that 
the  introduction  of  these  experiments  needs  any  apology, 
as,  except  for  the  fact  that  in  a  centrifugal  pump  <£  should 
not  be  greater  than  90  deg.,  the  rules  for  designing  pumps 
and  fans  are  precisely  the  same,  and  deductions  from 
experiments  with  the  former  apply  to  the  latter.  The 
weight  of  water  was  assumed  as  62J  Ib.  per  cu.  ft.  in  the 
first  experiment  and  64  in  the  second.  In  the  former  the 
effect  of  tre  tide  on  the  density  of  the  water  was  forgotten, 
and  in  the  latter  a  sample  of  the  water  in  the  dock  whose 
density  it  was  intended  to  test  did  not  reach  the  Ruther- 
ford College  owing  to  an  accident,  and  the  author  desired 
to  make  every  allowance  for  the  pump  whose  efficiency 
was  low;  but  it  must  be  remembered  that  the  efficiency 
takes  into  account  the  friction  of  the  pipes,  so  that  that  of 
the  pump  alone  is  greater.  The  losses  of  head  in  passing 
through  the  pump  are  — 

(1)  At  inflow, 

(t?!  -  6t  cot  0)g     V 
2?          ~2^ 
since  0  =  90  deg. 

(2)  At  entrance  into  the  volute, 


(3)  Loss  of  head,  other  than  shock  loss  and  losses  due 
to  bends  and  pipe  friction. 

The  coefficient  of  resistance  of  the  pump  alone  is  here 
taken  as  F  =  3,  referred  to  the  velocity  of  discharge  ep,  so 
that 


F  ~  =  0-0466  cv\ 


The  losses  due  to  bends  and  pipe  friction,  together  with 
the  loss  due  to  the  radial  speed,  (2),  namely  b22  +  2g  = 
0-0233  c.2. 
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TABLE  24.— CENTRIFUGAL  PUMP  TRIAL 


1 

Fall  of  water  inside  dock 

0 

1 

2 

3 

4 

5 

in  ft. 

2 

Head  outside  dock  in  ft. 

19     8 

19     8 

19     8 

20    0 

20    0 

20     0 

and  in. 

3 

Head  inside  dock  at  end 

19     0 

18     0 

17     0 

16    0 

15     0 

14     0 

of   interval  in  ft.  and 

in. 

4 

Boiler  pressure  ... 

120 

113 

107| 

105 

110 

110 

5 
6 

Interval  in  min. 
Mean  head 

— 

11 

'4 

7* 
3j 

If 

5* 

7 

I.H.P  

— 

220-7 

239-6 

233-25 

240^6 

248 

8 

W.H.P  

— 

12-12 

22-1 

34-1 

46-1 

53-9 

9 

F.H.P  

— 

9-14 

10-1 

10-15 

10-4 

11-4 

10 

S.H.P  

— 

211-56 

229-5 

223-1 

230-2 

236-6 

11 

Hydraulic  efficiency,  77  = 

— 

5-74 

9-62 

15-27 

20-4 

22-4 

W.H.P. 

T»r*Y*  f*r*n  + 

S.H.P.  P 

12 

Calculated  efficiency,  17  c 

* 

6-15 

9-7 

14-15 

17-9 

21-1 

H 

H  +  LpeI 

13 

77-770      

— 

-0-41 

-0-8 

0-57 

2-5 

1-3 

14 

Rev.  per  min  

— 

125-5 

136-5 

137-5 

140-3 

144 

15 

Velocity      of     discharge 

— 

12-7 

12-7 

12-72 

12-75 

12-2 

from  pump 

16 

Q 

1625 

10-8 

8-66 

7-5 

6-5 

Orifice     ,  —  r  sq.  ft. 

17 

Time       

9     45 

9    52* 

10    0 

10    7i 

10    15 

10  22* 

18 

Quantity  discharged  dur- 

— 

41,209 

40,428 

40,408 

40,383 

38,784 

ing  interval  in  cu.  ft. 

19 

•/H*xlOO 

— 

9-5 

10-9 

17-85 

21-7 

23-7 

X  J-UU             ...              ... 

*  The  angle  of  relative  discharge  from  the  fan  is  assumed  to  be  at  26°  26' 

varies  between 
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1 

6 

7 

8 

9 

10 

12 

14 

16 

18 

2 

20  0 

19  10 

19  10 

19  10 

19  10 

19  9 

19  3 

19  2 

19  0 

3 

13  0 

12  0 

11  0 

10  0 

9  0 

7  0 

5  0 

3  0 

1  0 

4 

105 

105 

105 

105 

110 

110 

110 

110 

110 

5 

8 

8* 

8i 

8 

9i 

9| 

I0i 

104 

10^ 

6 

7 

6* 
247-2 

7A 

253-8 

8^ 
246-75 

9i 
245-9 

101 

259-1 

12-29 
255 

13£ 
255-8 

15-7 
272-7 

17-5 
253-25 

8 

59-75 

66-1 

72 

76 

79'25 

89-4 

91-1 

99-25 

103-2 

9 

11-4 

12-08 

11-63 

12-3 

13-44 

13-76 

14-3 

15-6 

16 

10 

235-8 

241-7 

235-12 

233-6 

245-6 

241-24 

241-5 

257-1 

237-5 

11 

25-3 

27-4 

30-7 

32-5 

32-3 

37-1 

37-75 

38-55 

43-6 

12 

24-9 

27-4 

30-1 

32-9 

34'2 

38-5 

40-25 

41-1 

44-4 

13 

0-4 

0 

0-6 

0-4 

-2 

-1-4 

-2-5 

-2-55 

-0-4 

14 

144 

145-9 

144-8 

147-1 

151-1 

152 

154-1 

158-7 

157-7 

15 

11-4 

111 

10-75 

101 

9-56 

9-0 

8-17 

7-9 

7-35 

16 

5-62 

4-8 

4-66 

4-16 

3-73 

3-2 

2-74 

2-481 

2-195 

17 

10301 

1038| 

10  47 

1055| 

11  5 

1124| 

1144^ 

12  5| 

12  26i 

18 

38,761 

38,738 

37,525 

37,503 

37,480 

37,255 

36,341 

35,095 

32,698 

19 

25-6 

27-7 

30-6 

31-5 

30-7 

34-45 

35-8 

36-2 

40-0 

from  a  tangent  to  the  periphery,  this  being  the  mean  angle.     The  angle 
30°  and  22°  53'. 


130 


CENTRIFUGAL  FANS 


TABLE  25.— CENTRIFUGAL  PUMP  TRIAL 


1 

Fall  of  water  inside 

0 

1 

2 

3 

4 

5 

dock  in  ft. 

2 

Head   outside    dock 

21     0^ 

20     9 

20    2 

19     9 

19     6 

19     1 

in  ft.  and  in. 

3 

Head  inside  dock  at 

19     0 

18     0 

17     0 

16  10 

15     0 

14     0 

end  of  interval  in 

ft.  and  in. 

4 

Boiler  pressure 

110 

110 

110 

110 

110 

110 

5 

Interval  in  min.  and 

— 

11-45 

11-45 

11-0 

10-30 

9-30 

sec. 

6 

Mean  head  in  ft. 



2-395 

2-957 

3-457J     4-125 

4-791 

7 

I.H.P  

— 

83-75 

81-4 

105-1 

123-6 

144-35 

8 

W.H.P.*     



16-3 

19-7 

24-66 

30-7 

37-9 

9 

F.H.P  



7-06 

7-08 

7-5 

8-26 

8-76 

10 

S.H.P  



7669 

74-32 

97-5 

115-34 

135-59 

11 

Hydraulic  efficiency, 

— 

21-3 

26-5 

25-3 

26-7 

28-0 

_  W.H.P. 

cent. 

12 

Calculated  efficiency, 

— 

22-5 

26-1 

26-4 

27-3 

27-9 

H 

n  /»  —                           T\  o  >* 

7/0     H  +  L     pe 

cent. 

13 

,7-770          

— 

-1-2 

+  0-4 

4-1-1 

-0-6 

+  0-1 

14 

Kev.  per  min. 

— 

97-1 

98-3 

103-5 

113-3 

120-4 

15 

Velocity  of  discharge 

— 

8-25 

81 

8-65 

9-075 

9-63 

from  pump 

16 

Orifice    •,  —  -  in  sq.  ft. 

A./  n  rT 

— 

6-65 

5-85 

5-82 

5-55 

5-475 

17 

"  y  -1"1- 
Time  in  hours  and 

9  41J 

9    53J 

10     5 

10  16 

10  26i 

10  36 

minutes 

18 

Quantity  discharged 

— 

41,209 

40,428 

40,408 

40,383 

38,784 

during  interval  in 

cu.  ft.t 

*  In  the  above  the  weight  of  water  per  cu.  ft.  is 
f  This  does  not  include  leakage,  which  at  the  end 
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1 

6 

7 

8 

9 

10 

12 

14 

16 

18 

2 

18  10 

18  4 

18  1 

17  8 

17  5 

16  8 

15  11 

15  5 

14  11 

3 

13  0 

12  0 

11  0 

10  0 

9  0 

7  0 

5  0 

3  0 

1  0 

4 
5 

110 
915 

110 
915 

110 
9-0 

110 
9-0 

110 
9-0 

110 
8-30 

110 

8-45 

110 
8-20 

110 
7-40 

6 
7 
8 
9 
10 
11 

5-457 
150-5 
44-4 
9-1 
141-4 
31-5 

6-083 
176-0 
49-9 
9-4 
166-6 
30-0 

6-707 
188-0 
54-1 
9-72 
178-28 
30-3 

7-375 
188-25 
59-6 

10-0 

178-25 
33-5 

8-041 
217-0 
65-0 
10-4 
206-6 
31-5 

9-375 
262-6 
79-6 
13-13 
249-47 
31-9 

10-582 
276-0 
85-25 
14-0 
262-0 
32-6 

11-9575 
274-1 
98-0 
15-1 
259-0 
37-9 

13-546 
289-2 
117-5 
15-6 
273-6 
43-0 

12 

29-55 

30-6 

32-0 

33-2 

33-6 

33-9 

35-6 

38-5 

41-1 

13 
14 
15 

+  1-95 
124-8 
9-9 

-0-6 
128-0 
9-86 

-1-7 
132-5 
9-83 

+  0-3 
135-7 
9-83 

-2-1 
140-1 
9-83 

-2-0 
150-2 
10-35 

-3-0 
154-0 
9-8 

-0-6 
157-8 
9-95 

+  1-9 

158-4 

10-1 

16 

5-26 

4-99 

4-72 

4-50 

4-32 

4-21 

3-77 

3-57 

3-4 

17 

10  45£ 

10  54J 

11  3£ 

11  12£ 

11  21| 

11  38| 

11  55£ 

12  12£ 

12  28£ 

18 

38,761 

38,738 

37,525 

37,503 

37,480 

37,255 

36,341 

35,095 

32,698 

taken  at  64  Ib. 

of  the  trial  was  found  to  be  30 '6  cu.  ft.  per  min. 
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Combining  these,  we  have — loss  (3)  together  with  the 
loss  due  to  radial  speed  =  0'07  cv2.  In  both  sets  of  trials 
only  one  pump  and  engine  were  used.  The  friction  of  the 
engine  was  taken  by  running  the  engine  unloaded  at 
speeds  varying  between  122  and  185  rev.  The  H.P. 
absorbed  by  the  engine  under  these  conditions  is  termed 
the  Friction  H.P.,  and  the  horse  power  transferred  to  the 
pump  shaft  is 

.-.  S.H.P.  =  I.H.P.-RH.P. 

This  is  not  exactly  correct,  because  the  friction  of  a  loaded 
engine  is  a  little  more  than  that  of  one  running  light,  but 
the  error  is  not  very  great.  See  Tables  24,  25,  pp.  128-131. 
The  following  is  the  method  of  comparing  the  efficiencies 
obtained  from  experiment  and  calculation  :  In  the  first  trial 
at  the  14th  foot  we  find  I.H.P.  =  255-8  ;  the  useful  work 
done  by  the  pump  in  raising  Q  cu.  ft.  of  water  in  the  given 

i,         i   -vririM     62-5x36,341x13-875 
interval  (namely,  W  .H.P.)  = 33  QQO  x  1Q-5  ; 

rev.  per  min.  =  154*1  (these  were  taken  by  a  counter 
read  every  minute) ;  mean  head,  13-875  ;  this  was  measured 
by  two  posts  outside  and  inside,  giving  heights  in  feet 
above  the  sill  of  the  dock,  and  each  interval  commenced 
at  a  foot  on  the  inner  scale.  On  the  outer  scale  inches 
were  measured  by  a  pole  which  had  alternate  inches  at  its 
end  painted  in  black  and  white  for  a  foot  length,  and  this 
held  against  the  post  enabled  very  accurate  readings  to  be 
taken,  as  the  motion  of  the  water  was  not  more  than  4  in. 
on  March  13th  and  not  more  than  2  in.  on  January  15th. 
We  mention  these  details,  as  we  believe  there  have  been  no 
experiments  on  pumps  made  with  greater  care  than  these. 
The  quantity  of  water  discharged  was  36,341  cu.  ft.  during 
an  interval  of  10 J  min.  This  gives  a  velocity  of  discharge 
of  8-17  ft.  per  sec.  from  the  pump,  and  as  F.H.P.  at  140*5 
rev.  was  10-4  and  at  160  rev.  was  16,  by  interpolation  at 
154-1  it  was  14-3. 

Hence  S.H.P.  =  I.H.P.  -  F.H.P.  =  241  -5. 

91*1 

Pump  efficiency  =  =  0-3775. 
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This  differs  from  the  hydraulic  efficiency  only  by  the  bear- 
ing friction,  and  neglecting  this  we  may  write  — 

32-2x13-875 


44-4x0-03775 
so  that  the  total  loss  of  head 


L  = 


=  5-33  +  10-65  +  4-67 
=  20-65  ft. 


The  efficiency  is  thus 


H 


13-87 


H  +  L"  34-53 


=  0-4025. 


The  difference  between  that  found  by  experiment  and  cal- 
culation is  0-3775  -  0-4025  =  -  0'025. 


^50 
<35° 
t-40 

I* 

jj» 

^10 

So 

Nt. 

X 

"X 

\ 

^^^ 

^"*~-  — 

—  ._ 

4  8  12  46 

FIG.  60. — PUMP  EFFICIENCY  DIAGRAM  :  FIRST  TEST. 

Fig.  60  is  an  efficiency  diagram  for  the  first  experiment. 
The  abscissae  are  orifices  in  sq.  ft. — i.e.,  cu.  ft.  per  sec. 
+  the  square  root  of  g  H. 

Centrifugal  Pump  Experiments  by  R.  C.  Parsons.13 — In 
Table  20  we  have  selected  a  number  of  experiments 
made  by  the  Hon.  R.  C.  Parsons  with  a  centrifugal  pump. 
After  running  the  pump  at  various  orifices  an  experiment 
was  made  to  find  the  work  required  to  revolve  the  pump 
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at  410  rev.  (the  mean  of  the  number  during  the  ex- 
periments), while  the  pump  was  not  discharging.  It  was 
found  that  45,000  ft.-lb.  per  min.  were  required,  and  this 
amount  was  deducted  from  the  work  done  by  the  engine, 
and  the  work  done  by  the  pump  being  divided  by  this  was 
called  the  corrected  efficiency. 

The  corrected  efficiency  rjs  is  more  than  the  hydraulic 
efficiency,  because  the  work  required  to  drive  a  pump  when 
not  discharging  is  very  much  greater  than  the  work 
expended  in  overcoming  the  friction  of  the  fan  shaft  and 
the  surface  friction  of  the  disc.  The  real  hydraulic 
efficiency  obviously  is  between  this  "corrected  efficiency" 
and  the  ratio  of  the  work  done  by  the  pump  to  that  done 
by  the  engine.  It  will  also  be  seen  that  the  calculated 
efficiencies  do  lie  between  the  latter  and  Parsons'  corrected 
efficiencies,  and  are  therefore  close  to  the  real  efficiences  of 
the  pump.  These  experiments  give  us  reasonable  confidence 
in  asserting  that  the  efficiency  of  a  pump  is — 


H 


where  L  are  the  losses  of  head  in  ft. 

The  method  of  calculating  ^  and  ^2  is  as  follows :  The 
dimensions  of  the  pump  are  given  in  a  paper  on  Centrifugal 
Pumps  by  Prof.  Unwin.14  The  external  radius  of  the  fan 
is  r2=  9-25  in.  =  2  rv  the  internal  radius.  The  breadths,  s2 
and  Sj,  at  the  external  and  internal  radii,  are  both  5-75  in. 
There  were  eight  vanes,  and  as  their  thickness  is  not  given, 
they  are  assumed  to  be  £  in.  at  their  ends.  The  velocity 
cv  in  the  volute  is  given  by  Prof.  Unwin  as  3  62,  but  as  he 
evidently  neglects  the  vanes,  this  must  be  modified. 
Assuming  a  coefficient  of  contraction  of  T9^  at  discharge 
from  the  fan,  which  is  also  the  custom  in  radial-flow  tur- 
bines,15 we  get 

/no/     f*r\cfif*  /•/*"! 

x  362  =  2-3562; 
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and  since 

b2  (2  TT  r2  s2  -  n  s2  tz  cosec  <jf>)  K  =  ^  (2  TT  rx  Sj  -  71  Sj  ^  cosec  0)  K, 


ft      v— •«     -2-    ^r/j      1.94 6 
1     (2  TT  rt  -  %  ^  cosec  0)    2 

where  K  =  y9^, 

7i  =  8,  the  number  of  vanes, 
0  =  40°, 

Let  G  =  gallons  per  min., 
then         Jl  =  60x6-25(27rr151-?is1^1cosec0)K 

and  ^  =  60  x  6  -25  (2  TT  r2  s2  -  7i  s2  L  cosec  <#>)  K 

=  0-001475  G. 

Taking  the  first  experiment  as  an  example,  G  =  1012, 
62  =  1  -49,  cv  =  3  -50,  vz  =  31-6,  a2  =  vz  -  b2  cot  <^>,  and  assuming 
the  relative  angle  of  flow  coincides  with  the  angle  of  vane, 

«2  =  26-04, 
100  fi-f-^  x  100=  oT^7oAYu  =  57'5  Per  ceilt- 


The  losses  of  head  L  in  passing  through  the  pump  are 
The  loss  at  entry  to  the  wheel 


the  loss  at  entry  to  the  volute 

.V  +  fa-e.)'     „„„ 

~w~    792> 

cv2 
and  the  surface  friction  =  F  -£—.  The  most  suitable  value 

*9 
of  F  is  2-5,  so  that 
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As  the  head  at  outflow  from  the  pump  was  measured  by  a 
Pitot  tube  turned  to  face  the  stream,  the  loss  ev*  +  2  g  may 
be  omitted. 

Hence,  L  =  total  losses  of  head, 

100  H      14-67x100 

>     =  57-7  per  cent. 


We  also  find  that  the  rev.  per  min.  N,  H  the  head  in 
ft.,  and  G  the  gallons  per  min.  are  connected  by  the 
relation 

N2  +  0-02225  G  N  -  9850  H  -  0-01285  G2  =  0, 

which  can  readily  be  thrown  into  the  form  of  equation  (22). 
The  following  table  gives  the  results  of  calculation  from 
the  above  equation  :  — 


TABLE  27.— THEORETICAL  AND  ACTUAL  HEAD. 


No.  of 
experiment. 

Actual  head. 

Calculated 
head. 

Difference. 

1 

14-67 

15-1 

-0-43 

4 

14-7 

15-05 

-0-35 

6 

14-75 

14-86 

-0-11 

8 

14-75 

14-71 

+  0-04 

10 

14-75 

14-4 

+  0-35 

12 

17-4 

17-85 

-0-45 

15 

17-3 

17-66 

-0-3 

17 

17-4 

17-45 

-0-05 

19 

17-4 

17-35 

+  0-05 

21 

17-6 

17-05 

+  0-55 

22 

17-6 

17-16 

+  0-46 

Open-running  Fan  Experiments. — A   paper16  by  Walton 
Brown   contains  several  experiments  with  a  Waddle  fan 
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having  an  expanding  rim  (fig.  61).  In  other  respects  it  is 
a  simple  open-running  fan,  with  the  vanes  curved  so  as  to 
be  convex  to  the  outlet.  The  following  are  the  principal 
dimensions  of  the  fan  :— 

Diameter  to  periphery  of  divergent  outlet  36  ft.  4  in. 
Diameter  to  the  extremities  of  the  blades  35ft. 


Diameter  of  inlet  ring 


13ft.  6  in. 


Width  at  outlet       1ft.  l|in. 

Width  at  periphery  of  fan 2  ft.  2f  in. 

Capacity  of  fan        2,583  cu.  ft. 

The  experiments  in  Table  28  have  been  selected  from 
those  given. 


TABLE  28.— TESTS  RESULTS  :  WADDLE  FAN. 


No.  of  experiment. 

1 

2 

4* 

6 

V. 

Rev.  per  min.  of  fan  ... 

50 

57-2 

59-73 

37-2 

67-47 

Cu.  ft.  of  air  per  min. 

140,158 

169,953 

231,306 

108,777 

174,008 

Water  gauge    

2-07 

2-41 

2-671 

1-082 

3-274 

Useful  work   done    by 

45-68 

64-5 

97-33 

18-51 

89-68 

fan,  H.P. 

I.H.P  

69-91 

100-64 

144-5 

27'72 

139-94 

Efficiency 

0-653 

0-641 

0-673 

0-668 

0-641 

*  In  this  experiment  the  separation  doors  were  open  ;  the  others 
were  made  on  the  mine. 

Marine  Ventilating  Fan  Experiments  by  M.  Lelong.17 — 
M.  Lelong  made  a  number  of  very  interesting  experiments 
in  order  to  obtain  data  for  the  calculation  of  the  dimensions 
of  ventilators  for  warships.  The  first  quantity  requiring 
formulae  was  the  resistance  of  the  circuit  through  which 
the  fan  discharged  its  air.  This  is  made  up  of  (1)  surface 
friction,  (2)  changes  of  section,  (3)  changes  of  direction. 
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(1)  Surface  Friction. — The  loss  of  head  due  to  friction 
may  be  expressed  by  the  formula  (put  in  our  own  notation), 


FIG.  61.—  WADDLE  FAN. 

where  I  is  the  length  in  ft.  m  the  mean  hydraulic  depth 
equal  to  the  area  of  section,  a,  divided  by  the  perimeter,  s, 
and  v  the  velocity  in  ft.  per  sec.  f  is  a  coefficient  whose 
mean  value  is  about  0-006.  Calling 


Q 
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the  resistance  due  to  this,  we  get 

2_|H/=!i  6/|. 

(Jf       m  a  a6 

(2)  Changes  of  Section. — When  a  passage  ends  in  a  very 
large  space,  the  kinetic  energy  of  the  current  is  completely 
lost,  and  the  corresponding  loss  of  head  is 


while  the  resistance  due  to  this 


Q2    ~«2' 

Inversely,  if  the  current  of  air  flows  from  a  large  space  into 
a  cylindrical  pipe,  we  usually  allow  a  coefficient  of  con- 
traction cc  =  0-83,  for  the  vein  entering  the  pipe,  so  that  the 
loss  of  head  here  becomes. 


and  the  corresponding  resistance 

2  g  Hc  _  0-45 
Q2    "  a2  ' 

M.  Lelong  made  several  experiments  in  order  to  find  the 
value  of  the  coefficient  applicable  to  rectangular  passages  of 
large  dimensions,  such  as  one  finds  on  board  ship.  The 
experiments  were  made  with  passages  of  two  sizes.  The 
smaller  was  made  by  dividing  one  1*31  ft.  by  2*62  ft. 
section  into  two  parts  by  a  longitudinal  partition.  They 
were  9*84  ft.  in  length,  and  were  made  of  carefully  planed 
wood,  one  end  being  connected  with  the  atmosphere,  whilst 
the  other  was  enclosed  in  a  chamber  receiving  the  air 
delivered  by  the  fan.  The  static  pressure  in  this  chamber 
was  given  by  a  manometer  ;  the  discharge  was  given  by  an 
anemometer.  The  total  resistance  includes  not  only  that  at 
inflow,  but  also  that  due  to  friction  and  the  loss  of  the 
kinetic  energy  at  discharge;  we  have  therefore  deducted 
these  two  last,  using  O004  for  the  coefficient  of  friction. 
The  results  obtained  are  given  in  Tables  29,  30. 
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TABLE  29.-RESISTANCE  OF  RECTANGULAR  PASSAGE. 


Total  pressure 
in  the  chamber 
in  metres  of 

Discharge  in 
cubic  metres 

Total 
resistance. 

air. 

per  sec. 

O 

2  g  H 

Q2  ' 

First  passage,  f 

32 

6-31 

15-8 

Section 

28 

5-90 

15-8 

0-80x0-40   1 

16 

4-48 

15-6 

metre. 

8 

3-19 

15-4 

Mean  resistance      

Resistance  due  to  friction . . . 
Resistance  at  outflow 

Remainder  at  inflow 


15-65 

0-88 
978 

4-99 


0-51 


\M 

Value  of  corresponding  coefficient  of  contraction,  0'81 


TABLE  30.— RESISTANCE  OF  RECTANGULAR  PASSGAE. 


Total  pressure  in 
the  chamber 
in  metres  of  air. 

Discharge 
in  cubic  metres 
per  sec. 

Total 
resistance. 

H. 

Q. 

Nr 

Second    f 

8 

1-36 

84-8 

passage.    I 

16 

2-00 

78-5 

0*4  metre  j 

28 

2-63 

79-4 

square.     ( 

32 

2-85 

77-3 

Mean  resistance 
Resistance  due  to  friction 
Resistance  at  outflow 

Remainder  at  inflow  . . 


80-0 

4-7 

39-1 

36-2 


0-93 


Value  of  corresponding  coefficient  of  contraction  =  0-7 2. 
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For  the  second  passage  the  results  given  are  the  means 
between  those  obtained  for  each  of  the  two  passages. 

By  connecting  the  exit  or  entry  of  a  pipe  to  the  larger 
space  by  means  of  a  cone,  the  loss  of  head  is  much  reduced, 
and  can  become  zero.  It  is  negligible  if  the  angle  at  the 
vertex  of  the  cone  does  not  exceed  30  deg.  when  the  passage 
is  to  be  reduced,  and  7  deg.  when  the  passage  must  increase. 

(3)  Resistances  due  to  Change  of  Direction. — The  loss  of 
head  at  elbows  is  probably  due  to  a  contraction  formed  by 
the  stream.  Taking  the  loss  as  that  given  by  Peclet, — 


where  f,  =  sin  </>,  <£  being  the  angle  made  by  one  pipe  with 
the  prolongation  of  the  other. 

For  bends  the  loss  is  much  less.     Weisbach  gives  the 
following  formula : — 

H  =t  — 
where 

1   -131 +  1-847^ 


HO- 


for  pipes  of  circular  section,  diameter  d  and  mean  radius  of 
curvature  /o,  and 

104 

for  rectangular  sections,  where  s  is  the  length  of  the  side  of 
the  section  parallel  to  the  radius  of  curvature  p.  According 
to  these  formulas,  the  loss  of  head  does  not  depend  on  the 
total  angle  of  the  bend,  but  on  the  ratio  of  5  to  p. 

Several  experiments  were  made  by  M.  Lelong  to  see  if 
Weisbach's  formula  could  be  applied  to  large  rectangular- 
sectioned  ventilation  passages,  such  as  are  found  in  warships. 

*  We  have  usually  seen  these  formulae  multiplied  by  a,  the  fraction 
of  two  right  angles  of  the  bend,  but  even  this  modification  does  not 
bring  about  an  agreement  between  Weisbach's  formula  and  the  results 
in  the  table. 
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The  passages  used  were  similar  to  those  described  above. 
At  the  ends  of  the  bends  it  was  necessary  to  add  a  length 
of  passage  of  3  metres,  so  as  to  obtain  a  uniform  outflow 
of  air,  which  appeared  to  be  extremely  irregular  after 
leaving  the  bends.  Table  31  gives  the  results  of  experi- 
ments and  compares  the  coefficients  $>  thus  obtained 
with  those  deduced  from  Weisbach's  formula.  Before  the 
air  entered  the  bend  it  had  to  pass  through  3  metres 
of  passage,  and  after  leaving  the  bend  through  the  same 
distance. 

The  experimental  values  of  f&  are  generally  less  than 
those  given  by  Weisbach.  The  greatest  discrepancies  are 
to  be  found  in  experiments  (4)  and  (8).  These  may  be 
explained  by  the  small  angle  of  the  bend,  of  which  Weis- 
bach's formula  as  given  by  M.  Lelong  does  not  take  account. 
The  figures  show,  however,  that  the  total  resistance  is  very 
nearly  independent  of  the  discharge,  and  that  the  loss  due 
to  bends  is  less  than  that  due  to  sharp  corners,  if  we  accept 
the  formula  2 


In  experiments  (5)  to  (8)  the  passages  were  divided  by 
vertical  longitudinal  partitions,  and  experiments  (5A)  and 
(7A)  refer  to  those  having  the  greater  radii  of  curvature  p. 
The  principal  difficulty  in  making  such  experiments  as 
these  seems  to  be  that  the  resistance  of  the  bend  is  only  a 
small  part.  of  the  whole,  and  therefore,  as  it  is  obtained  by 
difference,  a  large  percentage  error  is  possible. 

Fan  Experiments  by  M.  Lelong.  —  The  first  fan  tested  was 
one  designed  for  the  Du  Chayla.  Its  dimensions  were  as 
follows  :  External  diameter  of  wheel,  5  -25  ft.  ;  diameter  of 
eye,  3'28  ft.  ;  number  of  vanes,  24  ;  width  of  vanes  at  the 
outer  circumference,  0*492  ft.  The  casing  was  a  volute 
whose  sections  were  calculated  by  the  formula 


where  Q  =  discharge  in  cu.  ft.  per  sec.,  ^  =  angle  measured 
in  radians  from  the  commencement  of  the  volute  to  the 
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section,  c0  the  absolute  velocity  of  outflow  from  the 
fan,  and  s  the  section  of  the  volute  in  sq.  ft.  The 
fan  is  shown  in  fig.  62 ;  it  was  first  tested  without  the 
inflow  mouthpiece,  and  curve  (1),  fig.  63,  shows  its  charac- 
teristic, the  ordinates  being  manometric  efficiencies,  and 
the  abscissae  reduced  orifices 


the  2  in  the  denominator  having  been  added  by  M.  Rateau. 
With  the  mouthpiece  the  characteristic  was  curve  (2). 
Fig.  64  shows  the  second  fan  tested,  having  an  external 


FIG.  62.—  FAN  FOR  THE  "Du  CHAYLA." 

diameter  of  wheel,  5-57  ft.  ;  diameter  of  eye,  3*64  ft.  ; 
number  of  vanes,  16;  width  of  vanes  at  the  external 
diameter  of  the  wheel,  0-574  ft.  The  volute  receives  the 
air  discharged  by  about  three-quarters  of  the  disc,  its  sec- 
tions being  calculated  from  the  formula 

1-8  Q.^ 


CV'27T     ' 

A  pyramidal  chimney  having  an  angle  of  inclination  of 
faces  of  7  deg.  forms  the  end  of  the  volute,  whilst  the  air 
discharged  from  the  last  quarter  of  the  disc  is  received  by 
a  diffuser.  The  air  leaves  the  chimney  and  diffuser  with  a 
velocity  equal  to  half  that  from  the  wheel.  Curve  (3), 

10 
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fig.  63,  represents  the  characteristic  of  this  fan.  Curve  (4) 
shows  the  effect  of  doing  away  with  the  diffuse r.  In  both 
these  fans  M.  Lelong  considers  that  the  manometric  effi- 
ciency is  the  same  as  the  mechanical  efficiency  on  account 
of  the  outlet  angles  of  their  vanes  being  90  deg.  This, 


0-5 


'0       •!        «2       -3       -4       »5       -6       -7       -8       •'>        1        M       i'2     1-3 

Reduced  Orifices :  Q+r%\/2gH 

FIG.  63. — CHARACTERISTIC  OF  FANS  TESTED  BY  M.  LELONG. 


FIG.  64.— SECOND  FAN  TESTED  BY  M.  LELONG. 

however,  is  doubtful.  The  latter  is  probably  more,  because 
it  is  quite  possible  that  « 2  <  v2  as  the  angle  of  flow  is  not 
always  the  same  as  the  angle  of  vane. 

The   third  fan  tested,  shown  in  fig.  65,  had  two  eyes. 
Its  vanes  were  inclined  forward  at  45  deg.  to  the  radius. 
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The  sections  of  the  volute  were  the  same  as  in  the  last  case, 
but  there  was  no  diffuser,  and  this  we  believe  is  the  reason 
that  the  maximum  manometric  efficiency  was  only  about 
65  per  cent.  The  external  diameter  of  the  vanes  was 
4-59  ft.,  the  diameter  of  each  eye  0-295  ft.  ;  the  number  of 
vanes  was  16,  and  their  width  at  the  outer  diameter  of  the 
wheel  0-459  ft.  The  characteristic  curve  of  this  fan  (6), 
fig.  66,  is  much  higher  than  the  last,  but  its  mechanical 
efficiency  is  not  any  greater  than  that  of  the  first  or  second. 
If  we  assume  that  the  angle  of  relative  outflow  from  the 
wheel  is  the  angle  of  the  vane,  the  efficiency  of  the  fan 
alone  in  this  case  should  be  very  nearly 

g  H      *Jrjm   \lg  H  *Jrjm 


1  +      Q  ^          ! 


M26  0K 


This  gives  us  from  curve  (6)  the  following  table  :  — 

Eeduced  orifice  OR       0-2  0-3  0-4 

rj     .........     0-54  0-50  0-45 

which  shows  very  clearly  the  mistake  of  not  having  a 
proper  diffuser  to  receive  the  air  discharged  from  the 
wheel. 

Curve  7  shows  the  dynamic  manometric  efficiency  of  the 
fan.  Fig.  67  represents  an  open  running  fan  with  radial 
vanes,  tested  with  a  casing.  Its  dimensions  were  :  Diameter 
of  wheel,  4-42  ft.  ;  diameter  of  eye,  2-62  f  t.  ;  number  of 
vanes,  34  :  breadth  of  wheel  at  discharge,  0-354  ft.  It 
gave  the  characteristic  curve  8.  Curves  9  and  10  (fig.  68) 
represent  the  characteristics,  with  and  without  an  inflow 
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mouthpiece,  of  a  fan  constructed  for  experimental  purposes, 
and  only  differing  from  that  shown  in  fig.  67  in  the  in- 


FIG.  65. — TWO-EYED  FAN  TESTED  BY  M.  LELONG. 
07 


~<M       0*     0-3      0-4^    0-5      fr6      0-7"    0-8      0-9      M 

Orifices. 

FIG.  66.— CHARACTERISTIC  OF  TWO-EYED  FAN. 

clination  of  its  vanes  at  the  outer  radius  (fig.  69).     Its 
manometric  efficiency  was  less  than  that  of  the  fan  pre- 
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FIG.  67. — OPEN  RUNNING  FAN  WITH  RADIAL  VANES. 


0-1      0-2      <h3     0-4     0-5      0-6     0-7      0-8      0-9     *0 

Reduced  Orifices. 

FIG.  68.— CHARACTERISTICS  OF  FANS  TESTED  BY  M.  LELONG. 


FIG.  69.— EXPERIMENTAL  FAN. 
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I  film! 

Eftuivalent  Orifices  in  Sonare  Metres. 
FIG.  71.— RESULTS  or  EXPERIMENTS  WITH  MORTIER  FAN. 
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viously  discussed,  as  it  had  bent-back  vanes.  If  we  increase 
the  height  of  curve  8  in  the  same  proportion  as  9  is 
above  10,  we  get  curve  11,  which  M.  Lelong  considers 
would  have  been  the  characteristic  of  the  fan  (fig.  67)  if  an 
inflow  mouthpiece  had  been  added. 

Mortier  Diametral  Fan  Experiments. — In  fig.  70  is  shown 
a  Mortier  diametral  fan.  The  direction  of  rotation  is 
counter  clockwise,  and  the  air  enters  and  leaves  as  shown 


\\  \  \  \  \ 


\\\Vi 


FIG.  72.— ILLUSTRATING  MOVING  OF  CASING  OF  MORTJER  FAN 
TO  SUIT  THE  MINE. 

Orifice  :  R,  Rack  and  pinion  for  moving  casing. 

by  the  arrows.  The  vanes  are  bent  forward  so  that  inflow 
takes  place  without  shock,  and  the  air  at  outflow  is  thrown 
forwards  as  well  as  outwards.  Its  velocity  head  at  dis- 
charge must  be  considerable  ;  this,  however,  is  partly  con- 
verted into  pressure  head  by  the  chimney.  These  fans  are 
made  by  Louis  Galland,  of  Chalon-sur-Saone.  The  results 
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of  experiments  with  a  fan  of  this  type,  6*56  ft.  diameter  by 
3'94  ft.  broad,  are  shown  in  fig.  71,  in  which  the  mechani- 
cal efficiency  of  fan  and  engine  and  the  manometric 


efficiency  are  given.  The  quantity  of  air  that  would  be 
discharged  per  sec.  in  cu.  metres  at  225  rev.  per  min.,  or  a 
peripheral  velocity  of  77*4  ft.  per  sec.,  is  also  shown. 
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Dividing  the  ordinates  of  this  curve  by  23*6  we  obtain 
the  volumetric  efficiency  Q  -f-  v2  r22  at  any  orifice.  The  volu- 
metric efficiency  at  the  orifice  at  which  the  maximum 
mechanical  efficiency  was  obtained  is  very  nearly  89  per 
cent.,  an  exceedingly  high  value. 

We  are  not  prepared  to  theorise  as  to  what  happens 
within  the  eye  of  the  wheel.  The  vanes  are  radial  at  the 
inner  circumference  of  the  wheel,  and  it  may  be  that,  in 
passing  across  the  eye,  the  air  moves  in  such  a  curve  that 
its  radial  velocity  is  unaltered,  whilst  the  tangential  velo- 
city is  reversed,  so  that  it  enters  the  wheel  again  without 
shock  ;  the  accuracy  of  this  supposition  is,  however,  very 
doubtful.  The  fact  that  the  direction  of  flow  relative  to 
the  vanes  and  between  any  pair  is  begun,  stopped,  and  re- 
versed, and  stopped  again,  every  revolution,  must  cause  a 
waste  of  energy,  but  of  how  much  it  is  difficult  to  say. 

By  an  adjustment  of  the  casing  these  fans  can  be  arranged 
so  as  to  work  at  variable  orifices.  For  example,  if  the 
orifice  of  a  mine  increases,  the  casing  of  the  fan  can  be 
moved  away  from  the  wheel,  fig.  72,  by  the  rack  and 
pinion,  from  the  position  shown  by  the  dotted  lines,  and  it 
will,  according  to  the  makers,  discharge  more  air  with 
equal  efficiency. 

Fig.  73  shows  a  larger  fan,  in  which  the  position  of  the 
casing  is  permanently  moved  outwards  from  its  original 
position,  as  shown  by  the  dotted  lines. 

Kley  Fan  Exercises.  —  In  this  fan  (figs.  74  and  75)  the 
vanes  are  radial  and  plane,  but  two  spiral  inflow  passages 
are  provided  in  which  the  air  obtains  tangential  motion  in 
the  same  direction  as  that  in  which  the  wheel  is  running. 
The  suction  passage  is  so  calculated  that  in  normal  working 
the  air  will  enter  the  wheel  without  shock.  After  leaving 
the  wheel  it  enters  the  volute,  whose  section  increases 
gradually  towards  the  discharge.  It  will  be  noticed  here 
that  the  work  done  by  the  wheel  per  Ib.  of  air  is 
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TABLE  32.— EFFICIENCY  OF  A  KLEY  FAN. 


Approximate 

Rev.  of 
fan 
per  rain. 

Water  gauge 
in  the 
suction  pipe 
in  inches. 

Cu.  ft.  of 
air  per 
sec. 

manometric 
efficiency  per 
cent.,  assuming 
10000 

Mechanical 
efficiency  of 
engine  and 
fan  per  cent. 

144  h" 

k. 

Q. 

^m- 

30 

0-86 

493 

90 

40 

1-35 

622 

79 

54 

50 

1-97 

751 

74 

60 

2-85 

881 

74 

56 

70 

3-84 

1,020 

74 

72 

4-10 

1,055 

74 

58 

TABLE  33.— TESTS  OF  KLEY  FANS  (SMALLER  TYPE). 


a 

A 

Discharge 
in  cu.  ft. 

Water  gauges  in  inches. 

1« 

& 

<~'^2 

«ES 

•*+-> 

per  min. 

-1 

0  S-S 

«  %° 

Corre- 

o.S 

•*  s  s 

\6 

£ 

sponding 

7-89 

11-8 

15-75 

1970 

23-60 

.s.s 

Q-S'S 

CO   «rH 

revs. 

p 

•r+ 

H3 

1 

Discharge 

705 

880 

1,055 

1,230 

1,410 

29-6 

8-87 

1 

Revs.    .  .  . 

1,289 

1,569 

1,810 

2,026 

2,216 

2 

Discharge 

1,230 

1,410 

1,760 

1,930 

2,110 

39-4 

11-8 

2 

Revs.     .  .  . 

960 

1,177 

1,358 

1,520 

1,662 

3 

Discharge 

1,760 

2,110 

2,640 

3,000 

3,170 

49-25 

148 

a 

Revs.    .  .  . 

768 

942 

1,086 

1,216 

1,330 

4 

Discharge 

2,810 

3,520 

4,230 

4,760 

5,290 

61-5 

18-4 

4 

Revs.     .  .  . 

615 

755 

870 

974 

1,065 

5 

Discharge 

5,640 

6,700 

8,450 

9,510 

10,550 

87-5 

26-2 

15 

Revs.    .  .  . 

— 

— 

— 

— 

— 
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These  fans  are  constructed  with  inflow  at  one  or  both  sides ; 
for  forges  and  foundries  from  11-8  in.  to  7-2  ft.  diameter, 
and  for  mine  ventilation  from  164  to  39-3  ft.  diameter. 
Table  32  gives  a  series  of  experiments  upon  a  venti- 
lator of  this  type  of  the  following  dimensions  :  External 
diameter,  29 \  ft. ;  internal  diameter,  19-65  ft. ;  external 
breadth,  2-62  ft. ;  internal  breadth,  3'94  ft. 

Table  33,  with  figs.  74  and  75  (for  which  we  have  to 
thank  C.  Mehler,  of  Aachen),  gives  particulars  of  the 
smaller  fans  of  this  type. 

Pelzer  Dortmund  Fan. — This  is  shown  in  figs.  76  to  79. 
It  is  largely  used  on  the  Continent,  and  has  in  late  years 
been  greatly  improved.  Fig.  79  shows  the  wheel  fitted 
with  twelve  curved  vanes,  which  receive  the  air  without 
shock.  After  entering  the  wheel  axially  the  air  is  received 
by  vanes  which  are  plane  and  radial,  and  with  this  arrange- 
ment the  manometric  efficiency  is  usually  about  50  per  cent , 
but  by  alterations  in  the  construction  a  considerably  higher 
value  can  be  obtained. 

Figs.  76,  77,  and  78  show  the  diffuser,  volute,  and 
chimney,  together  with  the  plant  for  driving  the  fan.  The 
aerial  pressure  on  the  wheel  is  balanced  by  allowing  the  air 
from  the  diffuser  to  flow  into  the  conical  spaces  surrounding 
the  circumference  of  the  wheel  on  the  suction  side.  A 
thrust  to  the  right  is  thus  obtained  to  balance  the  thrust 
that  naturally  acts  towards  the  left  or  suction  side. 

These  fans  are  made  with  diameters  between  1 1  '8  in. 
and  19 '7  in.,  while  the  breadths  of  the  wheel  are — 

0*8  of  the  dia.  for  a  water  gauge  of  0*4  inch. 
0-8  0-2 


0-75 
0-75 
0-7 


1-8  >  „ 
2  inches. 
3 


0-7 

0-7  „  „  „  6  „ 

0*7  ,,  „  „  8  „ 

0-6  „  „  „  10  „ 

0'6  „  „  „  12  „ 

0-6  „  „  „  14  „ 


PELZER  DORTMUND  FAN 
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Bumstead  and  Chandler  Fan  Experiments. — An  example  of 
this  type  of  fan  is  shown  in  sectional  plan  and  elevation, 
figs.  80,  81.  It  is  fitted  with  a  pair  of  tandem  engines,  one 
on  each  side  of  the  fan,  which  can  be  run  separately  if 
desired ;  they  have  high-pressure  cylinders,  16  in.  diameter, 
low-pressure,  24  in.,  and  a  16-in.  stroke.  These  engines 
when  running  at  220  rev.  indicate  320  horse  power.  The 
fan  is  15ft.  in  diameter  and  6ft.  6  in.  wide,  and  is  capable 
of  discharging  250,000  cu.  ft.  of  air  per  min.,  but  as  it  was 


FIG.  80.— BUMSTEAD  AND  CHAND- 
LER FAN:  TOP  SECTIONAL 
VIEW. 

A  A ,  Couplings. 


FIG.  81.— BUMSTEAD  AND  CHAND- 
LER FAN  :  END  SECTIONAL 
VIEW. 

A  A,  Couplings;  B,  adjustable 
bearing  ;  C,  engine  base  ;  D  D, 
drift ;  E,  arch-connecting  drifts. 


found  impossible  to  get  this  quantity  through  the  mine  at 
the  stipulated  water  gauge  in  the  fan  drift,  it  was  decided 
to  permit  some  air  to  enter  the  top  of  the  upcast  shaft,  and 
then  to  measure  the  total  volume  in  the  fan  drift,  which  was 
of  ample  area  and  length  to  obtain  accurate  measurements. 
The  air  from  the  mine  enters  the  fan  at  both  sides,  and  is 
delivered  upwards  to  the  atmosphere.  The  chimney  is 
very  large,  in  order  that  the  air  may  be  discharged  at  low 
velocity.  The  casing  is  a  volute.  The  blades  of  the  fan 
are  mounted  on  a  steel  disc,  10 J  ft.  diameter. 

Experiments  to  find  the  best  form  of  blade  proved  to 
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the  satisfaction  of  the  makers  that  a  modified  S  form  is 
the  best,  with  the  inner  end  of  the  blade  curved  forward  in 
the  direction  of  rotation,  so  as  to  cut  into  the  air,  and 
gradually  raise  its  velocity  as  it  passes  outwards. 

The  fan  shaft  bearings  are  provided  with  a  vertical 
adjustment;  they  are  not  placed  in  the  air  drift  in  the 
usual  way,  but  are  isolated  therefrom  by  a  sheet-steel 
cover.  They  are  thus  free  from  all  dirt  and  dust  that 
passes  through  the  fan.  The  results  of  a  series  of  tests 
made  by  M.  Strick,  manager  of  the  Cossall  Colliery,  are 
given  in  Table  34. 

The  manometric  efficiency  has  been  added,  the  values 
of  H  being  calculated  by  the  formula 

10000 

'' 


p. 
W 


Ser  Fan  Experiments.  —  This  fan  has  been  described  (see 
107)  and  illustrated  (see  p.  108  and  figs.  55  and  56). 
e  add  some  experiments  with  a  small  blowing  fan  :  —  18 

External  diameter  ......    19  -7  in. 

Internal  diameter  .........   11  -8  in. 

Length  of  vanes  radially  ......     3-94  in. 

Width  of  vanes  parallel  to  the  axis     3-55  in. 
Cross-section  of  the  discharge  pipe  10-25  x  9*84  in. 

=  0-7  sq.ft. 

TABLE  35.—  SMALL  SER  FAN  EXPERIMENTS. 
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3-69 

91-0 

4-65 

2-91 

62-6 

83-2 

0-975 

1,002 

3-16 

93-0 

3-45 

2-31 

67-0 

77-0 

0-996 

830 

2-22 

95-0 

2-37 

1-35 

57-0 

64-5 

0-995 
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A  transmission  dynamometer  must  have  been  used  here, 
as  the  mechanical  efficiency  of  the  fan  alone  is  given. 
These  experiments  show  that  the  manometric  and  mechani- 
cal efficiencies  are  very  nearly  constant  at  a  constant 
equivalent  orifice.  The  friction  of  the  shaft  probably 
accounts  for  the  fall  in  the  latter  efficiency,  except  in  the 
third  experiment. 

Beck  and  Henkel  Fans. — Figs.  82  and  83  show  a  type  of 
fan  made  by  Beck  and  Henkel,  Cassel.  The  fan  is  driven 
direct  from  a  small  vertical  engine;  it  has  a  cast  iron 
spiral  casing,  and  inflow  takes  place  at  both  sides ;  the 
casing  is  formed  in  two  halves,  so  that  the  wheel  is  readily 
accessible.  The  centre  of  the  wheel  is  formed  of  cast  iron, 
and  has  a  number  of  arms  connecting  the  boss  to  two  rings 
which  support  the  sheet-steel  vanes  by  means  of  angle 
irons.  The  shaft  is  carried  on  the  left  of  fig.  83  in  a  self- 
adjusting  bearing,  having  a  bearing  surface  of  white  metal 
and  an  oil  chamber ;  ring  lubrication  is  used.  The  wheel 
diameters  are  from  11*8  in.  and  59-1  in.,  and  can  supply  air 
at  a  pressure  corresponding  to  a  water  gauge  reading  of 
29f  in.  They  can  therefore  be  used  for  forges,  cupolas,  etc. 
Figs.  84  and  85  illustrate  another  type  of  Beck  and 
Henkel  fan  designed  to  discharge  a  large  volume  of  air  at 
a  moderate  pressure.  Air  is  introduced  on  one  side  only 
of  the  cast-iron  wheel,  to  which  the  sheet-iron  vanes  are 
fixed.  The  air  is  discharged  from  the  vanes  to  a  spiral 
casing  of  sheet-iron.  The  wheel  diameters  are  from  11*8  in. 
to  118  in. 

Allen  Fans. — Figs.  86  and  87  give  two  sectional  views  of 
a  double  inlet  fan  by  W.  H.  Allen  of  Bedford.  It  is  here 
represented  as  fixed  on  board  ship.  The  diameter  of  the 
fan  is  66  in.  It  is  intended  to  produce  a  forced  draught, 
discharging  25,000  cu.  ft.  of  air  per  min.  at  its  normal 
output ;  this,  however,  can  be  varied  as  desired.  The 
vanes  are  connected  to  the  conical  casing  by  means  of  angle 
irons  ;  at  inlet  they  are  curved  in  the  opposite  direction  to 
that  in  which  the  wheel  rotates,  but  at  the  outer  periphery 
they  have  a  contrary  curvature,  ending  radially.  The 
wheel  is  driven  direct  by  enclosed  forced  lubrication  engine. 

11 
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The  introduction  of  the  enclosed  type  of  engine  for  this 
purpose  is  to  enable  the  plant  to  run  continuously  at  high 
speed  without  much  attention.  Electro  motors  are  also 
used.  It  will  be  noticed  that  only  part  of  the  circumference 
of  the  wheel  is  surrounded  by  a  volute,  the  remainder  dis- 
charging into  a  diffuser. 

Figs.  88  and  89  show  in  sectional  front  and  side  elevation 
a  single  inlet  type  of  Allen  fan  78  in.  diameter.  The  wheel 
centre  is  of  east  iron,  whilst  the  wheel  casing  and  vanes  are 


r 


\_ 


FIG.  88.  FIG.  89. 

78"  SINGLE  INLET  ALLEN  FAN. 

of  wrought  iron.  The  latter  are  of  the  same  form  as  those 
of  the  previous  fan,  but  the  wheel  is  completely  surrounded 
by  a  volute.  The  normal  capacity  of  this  fan  is  about 
17,500  cu.  ft.  per  min.  Figs.  90  to  97  are  curves  made 
from  tests  with  a  4  ft.  6  in.  diameter  single  inlet  fan 
similar  to  the  last.  They  give  the  water  gauge,  brake 
horse  power,  and  efficiency  as  ordinates,  with  the  discharge 
in  cu  ft.  per  min.  as  abscissae.  We  give  these  curves 
taken  at  from  100  to  800  rev.  per  min.,  because  they  prove 
almost  conclusively  the  theory  previously  given  in  these 
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FIGS.  90  AND  91. — TESTS  OF  4'  6"  SINGLE  INLET  FAN. 
MOTOR  DRIVEN. 


90.— 100  rev.  per  min.     91.— 200  rev.  per  min. 
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FIGS.  92  AXD  93.— TESTS  OF  4'  6"  SINGLE  INLET  FAN. 
MOTOR  DRIVEN. 

92.— 300  rev.  per  min.     93. — 400  rev.  per  min. 
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FIGS.  94  AND  95.— TESTS  OF  4'  6"  SINGLE  INLET  FAN. 
MOTOR  DIIIVEN. 


94. — 500  rev.  per  min.    95. — 600  rev.  per.  min. 
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FIGS.  96  AND  97. — TESTS  OF  4'  6"  SINGLE  INLET  FAN. 
MOTOR  DRIVEN. 

96. — 700  rev.  per  min.     97.— 800  rev.  per  min. 
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pages.  In  the  first  place,  it  will  be  noticed  that  the  dis- 
charge when  the  water  gauge  is  zero  is  a  little  more  than 
thirty  times  the  number  of  rev.  per  min.,  and  if  the  equiv- 
alent orifices  are  calculated  when  the  discharge  in  cu.  ft.  is 
fifteen  times  the  rev.  per  min.,  the  following  table  results  : — 


Rev.  per  min. 

200 

300 

400 

600 

700 

800 

Cu.  ft.  per  min. 

3,000 

4,500 

6,000 

9,000 

10,500 

12,000 

Water      gauge     in 

inches     ... 

0-5 

1-2 

2-0 

4-6 

6-1 

8-3 

Equivalent  orifice  ... 

1-63 

1-58 

1-63 

1-61 

1-64 

1-60 

Q 


r,  where  Q  is  cu.  ft. 


The  equivalent  orifice  is  

0-65 

per  sec.  and  H  is  head  of  air  in  ft.     taking 

10000 
144  ' 

which  gives  a  correct  value  for  the  average  densities  of  air 
and  water,  we  obtain  the  equivalent  orifice 


Q 


Q 


0-92x60 


x  iff- 


9  h     260°  w 


Q  being  here  taken  in  cu.  ft.  per  min.,  from  which  the 
values  in  the  above  table  are  calculated.  This  shows  that 
when  Q  oc  v2  tip  speed,  Q  oc  J  h ;  thus  it  follows  that  the 
manometric  efficiency  at  this  equivalent  orifice  is  constant. 
It  can  be  calculated  by  the  formula 


.10000  h      40300 h 


2  ^T) 


N  Y2 


N2 


where  N  =  number  of  rev.  per  min.  Hence  the  mano- 
metric efficiency  at  this  orifice  is  approximately  50  per 
cent.  The  mechanical  efficiency  decreases  with  the  speed, 
as  the  brake  horse  power  of  the  motor  that  drives  the  fan 
is  partly  absorbed  by  the  work  done  on  the  air  by  the 
wheel,  and  by  the  surface  friction  of  the  outside  of  the 
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wheel,  two  quantities  of  work  which  vary  as  the  cube  of 
the  revolutions  ;  but  in  addition  to  this  there  is  the  bearing 
friction,  which,  although  not  strictly  accurate,  we  will  take 
proportional  to  the  revolutions. 
If  we  assume 


TTRTd 

then  for  800  and  400  rev.  we  get 
90 


/•» 

and  ^  = 

U'o 

so  that  A=  36-5  and  0=1-67. 
This  gives  the  following  table  :  — 

B.H.P.  actual   ......     13-7         8-50         1-50        0-500 

B.H.P.  calculated  ...  13'7  8-88  1-48  0-625 
Rev.  permin  .......  700  600  300  200 

which  shows  a  very  close  agreement,  and  justifies  our 
assumptions.  The  useful  work  varies  as  the  cube  of  the 
revolutions  for  Q  cc  ^  h  oc  N  at  a  given  orifice,  and  since 
the  useful  work  oc  Q  ht  it  also  oc  N3.  The  air  efficiency 

useful  work  done 


~~  work  transmitted  to  wheel 

is  therefore  probably  a  constant  quantity. 

Work  expended  in  Overcoming  Disc  Friction.  —  In  the  fore- 
going analysis  we  asserted  that  that  portion  of  the  brake 
horse  power  required  to  overcome  the  surface  friction 
between  the  air  and  the  outside  of  the  wheel  varied  as  the 
cube  of  the  revolutions.  A  proof  of  this  statement  maybe 
conveniently  introduced  here.  We  will  assume  that  the 
surface  of  the  disc  is  of  such  a  nature  that  a  film  of  air 
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adheres  to  the  surface,  so  that  if  a  certain  area  s  sq.  ft.  is 
moving  with  a  linear  speed  v  ft.  per  sec.,  the  retarding  force 


where  c  is  a  constant  and  o-  is  the  density  of  the  air  in 
cu.  ft.  per  Ib.  Applying  this  to  an  elementary  annulus,  a 
radius  r  ft.  and  thickness  dr,  fig.  98,  we  have 


and  u  =  w  r, 

so  that  dF  =  c  cr  .  2irrdra)2  rz 
'  =  c  2  TT  o-  w2  r3  dr  Ib. 

is  the  resistance  opposing  the  motion  of  the  annulus. 

\ 


FIG.  98.— Disc  FRICTION. 


The  resisting  couple  r  dF  =  c  2  TT  a-  w2  r4  dr  lb.-ft.,  so  that 
the  total  couple  due  to  the  whole  disc 


=/ 

Jo 


c  =  /o  -  rdF 


The  work  done  per  sec.  by  the  impeller  in  overcoming  this 


resistance 
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v2  being  the  peripheral  speed  at  the  outer  radius  r2.   Experi- 
ments by  Stodola  show  that 


(for  one  side  of  the  disc  only). 

Geneste-Herscher  Fan. — This  is  of  considerable  interest,  as 
it  gained  the  first  prize  at  the  Paris  Exhibition  of  1900.  A 
small  fan  of  2*62  ft.  diameter  is  shown  in  figs.  99  and  100, 
and  a  diagram,  fig.  101,  shows  curves  of  mechanical  efficiency 
of  motor  and  fan,  manometric  efficiency,  and  discharge  in 
cu.  metres.  The  tests  were  made  at  the  Blanzy  Mines,  on 
a  fan  which  had  a  diameter  of  4*75  ft.,  and  was  driven  by 
two  engines  having  diameters  of  cylinders  of  18*65  in.,  and 
a  stroke  of  2  7 '5  in.  The  curves  are  reduced  to  what  would 
have  been  obtained  at  545  rev.,  corresponding  to  a  tip 
speed  of  135*5  ft.  per  sec.  The  highest  mechanical 
efficiency  was  66  per  cent.,  and  was  obtained  at  an  equiva- 
lent orifice  of  about  12*35  sq.  ft.  ;  while  the  highest  mano- 
metric efficiency,  114*5  per  cent.,  was  obtained  at  an  orifice 
of  13  45  sq.  ft.,  two  values  very  close  together.  The  volu- 
metric efficiency  can  be  determined  from  the  curve  giving 
the  discharge  by  dividing  by  N2?-22.  The  fan  depicted  in 
figs.  99  and  100  has  cylindrical  vanes,  and  a  cylindrical 
section  of  the  wheel  first  decreases  from  the  eye  radially, 
and  then  again  increases  from  about  the  middle  of  the 
blade  to  the  circumference.  There  is  no  diffuser,  but  the 
air  is  discharged  into  a  volute  of  rectangular  section.  The 
vanes  must  be  curved  forwards  considerably  to  obtain  the 
high  manometric  efficiency.  The  breadth  of  wheel  at  out- 
flow is  7  in.,  and  at  the  inner  radius  of  the  vanes  8*3  in. 
The  external  diameter  is  31 J  in.,  and  the  internal  diameter 
at  the  corners  of  the  vanes  20  in.  The  mouthpiece  at  the 
suction  has  a  diameter  of  28  in.  The  volute  appears  to 
have  a  section  increasing  uniformly  with  the  angle  from  the 
beak,  and  at  discharge  is  17*6  in.  by  17*1  in.  Fans  for 
mine  ventilation  have,  of  course,  a  chimney.  Assuming  a 
mechanical  efficiency  of  70  per  cent,  for  this  type  of  fan, 
with  a  manometric  of  1 10  per  cent.,  and  an  equivalent  orifice, 

Q-   9    v  iQ.q K  v(2'62)2      o.qo  Q 

-TO*12*3    X(4T75)2==         -0-65V27H' 
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which  gives  the  same  reduced  orifice  as  that  of  the  Blanzy 
fan,  multiplied  by  ^  to  allow  for  exaggeration  by  the 
anemometer.  Then 


0-70 


v2  -  b2  cot 
1-05 


But 


0-95-1-50 

j- —   —  =  cot  </>. 


Q 


2  7rr2s2~7rx  2-62x0-584 
=  0-647  VpL 
0-55 


the  angle  of  outflow. 

The  velocity  of  whirl  a2  =  v2  -  b2  cot  $ 

=  (0-95  +  0  55)  V0H  =  1-50  \/</TL 

That  in  the  volute 

144  Q 

Cv~  17-6x17-1 

144x3-38x0-92  ^-gi.^g  x/~jj 
17-6x17-1  q 

It  is  clear   that  a  chimney  is  necessary  to   reduce  cv, 
which  would  cause  a  loss  of  head,  if  not  reduced,  of 

5T-M1H, 

so  that  the  efficiency  would  be  below  30  per  cent.,  since 

=  0-78. 


cv2  I'll 


0-95  x  1-50 
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CHAPTER  VIII. 

Comparison  between  Theory  and  Experiment. — One  of  the 
most  important  statements  that  we  made  was  that  the 
general  equation  of  any  fan  could  be  thrown  into  the  form 

o  (23) 


(39) 


and  that  this  could  be  put  into  the  form 


TABLE  36.— COMPARISON  OF  VALUES  OF  H  FOR 
RATEAU  FAN. 


H  metres. 

No.  of 
equip- 

i?2 in  metres. 

Q  per  sec. 
in  cubic 

Calculated  from 

ment. 

metres. 

Actual. 

the  above 

equation. 

1 

29-4 

35-3 

63 

62-5 

2 

29-4 

35 

65 

f'4-2 

3 

30-4 

34-2 

74 

71 

4 

32 

32-7 

88 

89 

5 

31-35 

27-6 

92 

92-5 

6 

34-1 

23-4 

113 

113-5 

7 

34-2 

16-5 

ll'O 

108 

8 

32-8 

7-8 

84 

83-4 

9 

292 

1-3 

44 

47 

10 

34-4 

18-5 

113   . 

112 

The  equation  to  the  fan  is 

v22  +  2-64  v2  Q  -  1-91  Q2  -  19  62  H  -  o. 
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Table  36  gives  the  calculated  and  experimental  values 
for  H  for  the  Rateau  fan  of  Table  20.  The  quantities  are 
in  this  case  in  the  metric  system.  The  last  two  columns 
show  how  very  closely  the  fan  obeys  the  law. 

Table  37  gives  a  comparison  of  the  manometric 
efficiency  obtained  by  experiment  and  that  from 


—  -  0-136  -f=~  -  14-18  O2  -  0-69  =  0, 

9*»  V?/m 

which  is  equation  (39)  for  fan  No.  VIII. 


TABLE  37.-FAN  NO.  VIII.  :  BRYAN  DONKIN'S 
EXPERIMENTS. 


Equivalent  orifice 
in  sq.  ft. 

Actual  mano- 
metric efficiency. 

Calculated  mano- 
raetric  efficiency. 

Per  cent. 

Per  cent. 

0 

59-0 

59-0 

o-i 

52-5 

54-5 

0-2 

43-0 

43-5 

0-3 

32-0 

33-1 

0-4 

240 

24-7 

0-5 

19-0 

18-6 

0-8 

9-5 

9-0 

1-0 

6-6 

6-1 

1-5 

3-0 

2-87 

Fans  VI.,  X.,  ani  XL  have  been  treated  in  a  similar 
manner  in  Tables  38,  39,  and  40  respectively. 
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TABLE  38.— FAN  NO.  VI. :  DONKIN'S  EXPERIMENTS. 


Equivalent  orifice 
in  sq.  ft. 

Calculated  mano- 
metric  efficiency. 

Actual  mane-metric 
efficiency. 

Per  cent. 

Per  cent. 

0 

60-0 

60-0 

O'l 

57-5 

58-0 

0-2 

54-1 

54-0 

0-3 

50-0 

50-0 

0-4 

44-4 

43-0 

0-5 

36-25 

36-25 

0-8 

20-7 

220 

1-0 

14-25 

15-0 

—  +  0-192 


02-1-666 


TABLE  39.—  FAN  NO.  X.  :  DONKIN'S  EXPERIMENTS. 


Equivalent  orifice 
in  sq.  ft. 

Calculated  mano- 
metric  efficiency. 

Actual  manometric 
efficiency. 

Per  cent. 

Per  cent. 

0 

57-0 

570 

0-1 

63-0 

60-0 

0-2 

59-8 

59-8 

0-3 

51-0 

52-0 

0-4 

41-6 

41-6 

0-5 

33-0 

33-0 

08 

17-7 

17-8 

1-0 

12-1 

13-5 

1-5 

6-34 

7-5 

—  +  2-43  -4L  -  13-55  O2  -  1-755  =  0. 
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TABLE  40.— FAN  NO.  XL  :  DONKIN'S  EXPERIMENTS. 


Equivalent  orifice 
in  sq.  ft. 

Calculated  mano- 
metric  efficiency. 

Actual  manometric 
efficiency. 

Per  cent. 

Per  cent. 

0 

28-5 

28-5 

0-1* 

32-8 

26-0 

024 

190 

19-0 

0-3 

14-5 

15-5 

0-4 

9-47 

105 

0-5 

6-5 

6-6 

0-8 

278 

2-8 

1-0 

1-8 

2-0 

1-5 

0-08 

1-0 

*  The  smallest  equivalent  orifice  at  which  a  test  was  made,  except 
zero  orifice,  was  0'24  sq.  ft. 

The  equation  to  the  above  fan  is — 

—  + 10-05  -£L  - 126-4  O2  -  3-51  =  0. 

tlm  V?7m 

Fan  No.  1,  in  the  same  paper,  has  an  equation 
v22  +  0-06  4 9  v2  Q  -  4440  h  -  0-00196  Q2  =  0, 

where  v2  is  the  peripheral  velocity  in  ft.  per  sec.,  and  Q  is 
the  number  of  cu.  ft.  of  air  per  min.,  h  being  the  static 
water  gauge.  The  observed  head  cannot  be  expected  to 
agree  closely  with  that  calculated  from  the  above  equation, 
as  the  static  water  gauges  were  often  lower  than  they 
should  have  been  owing  to  induction,  in  certain  cases  a 
vacuum  being  shown  where  there  was  undoubtedly  pressure, 
for  how  could  the  air  flowing  in  a  pipe  of  uniform  section 
pass  through  baffle  plates,  and  yet  with  unchanged  velocity 
reach  a  space  of  greater  pressure,  a  manifest  contradiction 
of  the  law  of  the  conservation  of  energy  1  The  reason  for 
the  apparent  vacuum  was  that  induction  took  place,  as 
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explained  in  Heenan  and  Gilbert's  paper,  and  which  they 
avoided  by  using  the  tip  in  fig.  42.  We  believe  that  owing 
to  this  induction  the  water  gauge  is  too  great  in  many  fan 
experiments.  Table  41  gives  the  static  water  gauges  for 
fan  No.  1,  obtained  by  experiment,  and  also  the  values  of  h 
calculated  from  the  above  equation. 

TABLE  41.— FAX  NO.  I.  :  DONKIN'S  EXPERIMENTS. 


Actual  static  water 
gauge. 

ft. 

Difference. 

_3 

-0-61 

-0-14 

:i 

_i 
0-1745 

0 
-0-2995 

I'l 

1-09 

+  0-035 

2i 

2-52 

+  0-02 

37 

3-94 

-0-065 

5| 

5| 

0 

5| 

5-81 
5-07 

-0-06 

+  0-18 

311 

3-87 

-0-058 

Table  42  contains  a  series  of  experiments  made  by 
Heenan  and  Gilbert  on  the  Parkend  Mine  fan,  at  tip  speeds 
of  5,000,  6,000,  8,000  and  9,000  ft.  per  min.  ;  see  figs.  30 

Q 

to  33.     The  figures  of  the  first  column  QC      ,—  —  that  is, 

v  h 

they  are  proportional  to  the  equivalent  orifice  ;  the  mano- 
metric  efficiency  has  been  calculated  from  the  equation 

10000  g.h. 
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Q 


Table   42    shows   that,  for  a  fixed  value  of  —  ™^,     ,~ 

v#  H    v  g  H 

77 

is  constant,  and  therefore  Q  is  constant.     This  deduction  is 

quite  in  accordance  with  those  made  from  experiments  on  a 
single  inlet  fan  4  ft.  6  in.  diameter. 
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TABLE  42.— MANOMETRIC  EFFICIENCIES  OF  THE 
PARKEND  MINE  FAN. 


Volume  in  cu.  ft.  per 
rain,  per  sq.  in. 
of  diametrical  section, 

Manometric 
efficiency. 

Tip  speed  in 
ft.  per  min. 

-f  J  water  gauge. 

Zero 

0-604 

9,000 

Zero 

0-602 

5,000 

Zero 

0-600 

8,000 

Zero 

0-603 

6,000 

0-91 

0-6  nearly 

8,000 

1-48 

0-603 

6,000 

2-76 

0-587 

8,000 

3-68 

0-594 

9,000 

4-51 

0-563 

5,000 

5-06 

0-559 

6,000 

5-68 

0-562 

8,000 

5-89 

0-565 

9,000 

5-91 

0-554 

9,000 

7-34 

0-483 

5,000 

7-62 

0-495 

9,000 

8-48 

0-447 

6,000 

10-39 

0-375 

8,000 

120 

0-322 

5,000 

12  10 

0-327 

9,000 

15-5 

0-237 

9,000 

16-0 

0-224 

6,000 

23-5 

0-125 

8,000 

26-8 

0-100 

8,000 

27-2 

0-099 

9,000 

We  now  come  to  a  formula  much  harder  to  prove,  viz., 
that  the  air  efficiency  g  H 

The  difficulty  is  due  to  the  exaggeration  of  the  discharge 
and  possibly  also  of  the  water  gauge.     It  is  also  in  many 
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cases  difficult  to  determine  <£,  and  therefore  a2  •  further,  <£  is 
often  a  variable  quantity.  In  Donkin's  paper,  however, 
where  the  records  of  the  discharge  can  be  taken  as  being 
accurate,  experiments  are  submitted  in  which  the  agree- 
ment between  the  air  efficiency  17  is  almost  perfect  except 
at  very  small  orifices,  where  the  formula  does  not  hold 
good,  owing  to  the  fact  that  losses  of  energy  which  we 
neglect  in  the  above  formula  become  of  consequence.  At 
these  small  orifices  the  friction  between  the  wheel  disc  and 
the  air,  and  that  of  the  air  against  the  fan  casing  during  its 
passage  through  the  wheel,  become  of  importance.  The 
former  varies  as  v22,  whilst  the  corresponding  work  wasted 
varies  as  v23.  The  latter  is  a  quantity  of  the  second  degree 
in  v2  and  Q— i.e.,  it  may  be  expressed  by  the  formula 

v22  +  m  v2  Q  +  n  Q2. 

The  importance  of  these  terms  becomes  manifest  when  we 
point  out  that  when  Q  is  zero 

— —  =  *—s  =  ?7m  =  A  on  the  average, 
a2v2     v22 

whilst  at  zero  orifice  the  actual  air  efficiency  is  zero. 

Fan  No.  1  in  Donkin's  experiments  is  a  Rateau  fan,  and 
ten  experiments  with  this  are  given  in  Table  7.  There 
are  twenty  wrought-iron  vanes  which  are  inclined  forwards 
at  45  deg.  to  the  tangent  to  the  outer  circumference.  Also 
from  Table  5,  for  fans  discharging  against  a  small  head, 

1  =  — -£  approximately. 


Also  a2  =  v2  -  52,  cot  4>  =  v2  +  b2, 

as  <{>=  135  deg. ;  assuming  that  the  angle  of  discharge  coin- 
cides with  the  vane  angle,  and  that  there  is  no  coefficient 
of  contraction  at  discharge  from  the  wheel.  These 
assumptions  are  justifiable,  as  there  are  twenty  vanes  (a 
large  number  for  a  diameter  of  19 -6  in.),  and  the  vanes  are 
so  designed  that  uniform  outflow  probably  takes  place.  It 
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has  been  proved  by  experiment  that  the  inflow  to  the  fan 
is  uniform.     Then 

R     32-2x10000  h 


where  h  is  the  dynamic  water  gauge.     As  an  example  in 
experiment  6,       Q  =  2700,  ra=  110-8, 
62=67'2,  fla=178, 

h  =4-75;  ,%  ^  =  0-54, 
a2v2 

as  compared  with  0'594  in  the  experiment. 

Table  43  gives   the   experimental   efficiencies   and   the 
corresponding  values  of  rj  :  — 

TABLE  43.—  FAN  NO.  I.  :  DONKIN'S  EXPERIMENTS. 


Experimental                    Calculated 
efficiency.                     air  efficiency. 

Air  efficiency 
difference. 

120 

11-9 

o-i 

17-1 

15-3 

1-8 

21-3 

20-8 

0-5 

33-9 

30-9 

3-0 

47-0 

43-8 

3-2 

59-4 

53-8 

5-6 

59-9 

59-3 

0-6 

60-6 

57-7 

2-9 

49-9 

626 

-12-7 

0 

50-0 

-50-0 

and  shows  that  there  is  a  very  close  agreement  between 
the  two,  except  in  the  last  two  cases ;  this  difference,  how- 
ever, was  predicted. 

Fan  No.  3  had  plane  radial  vanes,  so  that  the  outflow 
must  have  been  radial,  and  whether  uniform  or  no  is  of  no 
consequence,  because  a2  =  vy  Jt  will  be  clear  to  the  reader 
that  the  outflow  must  have  been  radial,  because  we  are 
justified  in  supposing  the  wheel  fixed  and  a  centrifugal 
accelerative  force  acting  on  each  particle.  It  must  not  be 
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imagined  that  all  fans  whose  vanes  have  radial  tips  have 
radial  outflow.  Thus  blade  No.  4,  fig.  22,  probably  causes 
a  backward  relative  outflow,  owing  to  the  fact  that  the 
vanes  at  first  curve  backwards  from  the  inner  radius.  In 
fan  No.  3  we  should  therefore  expect  that  the  manometric 
efficiency  and  air  efficiencj7'  would  be  the  same,  except  at 
small  orifices,  and  this  we  find  is  the  case.  By  measure- 
ment from  figs.  49  and  50  we  have  Table  44. 

TABLE  44.— FAN  NO.  III.  :  DONKIN'S  EXPERIMENTS. 


Equivalent  orifice. 

Manometric  efficiency. 

Air  efficiency. 

0-2 

67-5 

57-5 

0'4 

61-5 

63-0 

0-6 

55-0 

57-5 

0-8 

46-0 

47-5 

1-0 

38-0 

40-0 

1-2 

32-5 

33-5 

1-4 

27-5 

30-0 

1-6 

24-5 

26-0 

Except  in  the  first  case,  the  difference  is  never  more  than 
2J  per  cent. 

In  all  experiments  with  the  Rateau  fan,  in  which  the 
anemometer  was  used,  we  find  rj  smaller  than  it  should  be, 
and  most  markedly  so  in  those  experiments  by  the  Belgian 
Commission,  in  which  the  efficiencies  were  unusually  high. 
In  all  these  experiments  we  can  calculate  77  thus — 

x/M 


x/M 


M 


i     r\      i=">  where  0R  is  the  reduced  orifice 
1  +  OR  \/M 

Q 


From  Table  20  we  get  the  results  in  Table  45. 
From  Table  22  we  get  Table  46. 
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From  Table  13,  taking  the  third  experiment  with  each 
fan,  we  get  Table  47. 

In  all  the  above  except  7,  8,  10  of  Table  20,  1  and  9  of 
Table  22,  and  3  of  Table  13,  the  values  of  t]  are  less  than 
the  mechanical  efficiencies,  although  these  include  engine 
friction.  If  we  multiply  77  by  T9^,  which  is  the  highest 
engine  mechanical  efficiency  we  are  justified  in  assuming, 
all  experiments  except  3  of  13,  8  of  20,  and  1  of  Table  22, 
which  are  at  very  small  reduced  orifices,  give  values 
of  rj  below  the  corresponding  mechanical  efficiencies. 
The  greatest  discrepancies  are  those  in  Table  13,  where  the 
experimenters  acknowledge  that  their  discharges  are  too 
high.  It  is  reasonable  to  suppose  that  the  discrepancies 
are  therefore  mainly  due  to  exaggerated  discharge,  because 
in  this  case  it  would  reduce  r/,  for  by  an  increase  of  b2  we 
increase  a2.  In  Table  48  we  have  supposed  the  actual 
discharge  in  Table  20  to  be  TV>hs  of  that  given  by  the 
anemometer,  so  that  77  is  increased  and  the  mechanical 
efficiency  reduced.  We  get  the  following  results  : — 

Now,  except  at  small  orifices  such  as  8,  and  9,  which  is 
omitted,  as  it  is  practically  zero,  efficiency  of  fan  =  77  very 
nearly 

efficiency  of  engine  and  fan 
efficiency  of  engine 

TABLE  45.— RATEAU  FAN:  TYPE  A,  TABLE  1. 


No.  of  experiment. 

t]  per  cent. 

Mechanical  efficiency 
per  cent. 

1 

32-3 

33 

2 

33-8 

37 

3 

37-1 

43 

4 

41-7 

46 

5 

48-5 

53 

6 

56-4 

60 

7 

62-7 

61 

8 

60-7 

43 

10 

61-2 

59 
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TABLE  46.— RATEAU  FAN:  9'17'  DIAMETER. 


No.  of  experiment. 

77  per  cent. 

Mechanical  efficiency 
per  cent. 

1 

68 

56 

5 

45 

48 

6 

32 

35 

7 

57 

57 

8 

54 

57 

9 

54 

53 

TABLE  47.— RATEAU  FANS:  BELGIAN  COMMISSION, 


No.  of  fan. 

f)  per  cent. 

Mechanical  efficiency 
per  cent. 

1 

29-8 

48-3 

2 

44-4 

82-6 

3 

54-5 

47-0 

4 

505 

77-5 

Hence  efficiency  of  engine 

efficiency  of  engine  and  fan 

~~ 


and  should  be  about  0*85  to  0*90.  We  infer  from  the 
above  that  the  exaggeration  of  the  discharge  is  greater 
than  what  we  have  assumed,  viz.,  the  ratio  -^,  but  not 
very  much,  and  this  agrees  fairly  well  with  the  results  of 
the  Prussian  Commission  if  we  allow  for  the  additional 
exaggeration  due  to  the  variable  velocity  of  the  air  which 
is  always  found  in  mines. 
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TABLE  48.— RATEAU  FAN  :  TYPE  A,  TABLE  1. 


No.  of 
experiment. 

77  per  cent. 

Mechanical 
efficiency  per 
cent. 

Mechanical  efficiency 

•f 

1 

34-2 

297 

0-87 

2 

35-8 

333 

0-93 

3 

39-2 

38-7 

0-99 

4 

44-1 

41-4 

0-94 

5 

50-9 

47-6 

0-94 

6 

58-9 

54-0 

0-92 

7 

64-9 

54-9 

0-85 

8 

62-0 

38-7 

0-62 

10 

63-5 

53-1 

0-84 

Let  us  next  consider  Heenan  and  Gilbert's  experiment 
with  a  fan  17  in.  diameter  and  8  in.  wide.  The  efficiency 
here  given  is  the  ratio  of  the  useful  work  done  by  the  fan 
to  the  work  done  on  a  shaft  which  drives  the  fan  by  a  belt, 
so  that  it  should  not  be  much  less  than  the  efficiency  of  the 
fan  alone,  or  rj  at  orifices  of  moderate  size,  if  we  can  assume 
the  truth  of  the  statement  that  the  work  done  per  Ib.  by 
the  wheel  is  a2  v2  -f-  g.  In  fig.  23  we  have  the  results  of 
experiments  with  a  blade  terminating  at  35  deg.  to  the  cir- 
cumference, so  that  if  the  angle  of  relative  outflow  were 
the  same  as  the  vane  angle  we  should  have  </>  =  35  deg. 
Consider  the  experiment  in  which  the  discharge  was 
2,000  cu.  ft.  per  min.,  and  the  tip  speed  12,000  ft.  per  min. 
The  total  water  gauge  is  9'6  in.,  so  that  we  have 

Q 


12000     OAA          2000 

-6^  =  200,Q  =  -w-,and&2=   wf 


2000  x 144         •     oo 
^—        1>7    -a  =  11-22  ft.  per  sec. 
60  XTT  x  17  x  8 
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?7  =  0-635  from  the  curve  of  total  efficiency,  and 

ofi     10000 
H  =  9-6  x  --TTT-  ft. 

144: 

R        32-2x96000 

" 


^~v.^~  200x144x0-635 
cot  </,  =  ^7^  =  T—  L  =  2-76,  hence  e/>  =  10°  55'. 

#2  1  1  —  Jj 

Now,  with  a  vane  of  this  type  the  relative  angle  of  out- 
flow cannot  be  less  than  the  angle  of  vane,  although  if  there 
were  double  curvature,  as  with  blade  No.  4,  this  would  be 
possible.  Hence  we  may  reasonably  assume  here  that  </> 
should  be  greater,  t\  consequently  less,  and  02  more.  If  we 
even  assume  such  a  small  coefficient  of  contraction  as  0-8, 
so  that 

11-22 
&2  =        ~'  and  Cot  ^=2'21' 


</>  =  24°  21',  which  is  still  too  small. 

We  may  here  mention  that  in  radial  flow  turbines  it  is 
customary  to  assume  a  coefficient  of  contraction,  and  the 
value  of  0'9  gives  the  best  agreement  between  theory  and 
practice.  It  is  stated  by  Prof.  Rateau  in  the  discussion  on 
this  paper  that  as  the  delivery  of  the  air  had  been  measured 
in  a  section  presenting  an  abrupt  contraction  of  the  tube, 
and  as  the  contraction  of  the  filaments  of  air  caused  an 
irregularity  in  the  record  of  the  anemometer,  that  there 
would  be  an  exaggeration  in  addition  to  that  found  by  the 
Prussian  Commission,  where  the  flow  of  air  was  uniform. 
He  was  led  to  that  conclusion  by  the  results  of  many 
experiments  he  had  conducted  on  fans.  An  exaggerated 
discharge  would  not  only  involve  an  increase  in  the  radial 
component  62,  but  also  an  approximately  proportional  de- 
crease in  the  whirl  speed  «2,  so  that  cot  $  is  in  reality  less 
than  that  obtained  by  using  the  value  of  the  discharge 
given  by  the  anemometer,  and  as  a  consequence  <£  is 
greater  than  that  obtained  by  the  above  calculation. 
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If  we  consider  the  discharge  of  3,500  cu.  ft.  per  min. 

0_3500  3500x144 

^~    60  '    *~60x7rxl7x8~    9'7' 

v.,  =  200,   as  before,  and  the  dynamic  or  total   efficiency, 
from  fig.  23  =  07;  also 

10000  32-2  x  76000 


200-121      79 
cot<£  =  —  19:7—  =  19^  =  4'01'  4>=1 

and  even  if  we  suppose  a  coefficient  of  contraction  of  0  8, 
<£=  17  deg.  18  min. 

Fig.  25  shows  similar  curves  for  blade  No.  4,  fig.  22, 
which  has  double  curvature,  and  terminates  radially  at  the 
outer  circumference,  so  that  if  the  angle  of  flow  was  the 
same  as  the  angle  of  vanes,  <£  would  be  90  deg.  The 
dynamic  efficiency,  when  the  fiow  is  2,500  cu.  ft.  per  min., 
is  83  per  cent.,  and  the  dynamic  gauge  is  12-8  in. 


&2  =  *rP    ^^Fl^14'05' 
60  x  TTX  17  x  8 

H     128000  32-2x890 

144          "*   «a-  200x0-83"       '''' 

200-172-7      27-3 


<£  =  27  deg.  14  min., 

which  we  consider  extremely  improbable,  as  there  are  six 
vanes.  In  our  opinion  the  discharge  is  very  much  exagger- 
ated. The  manometric  efficiency  in  this  case  is 


g  H     32-2  x  890 

=  tl'6    er  Cent" 


which  is  probably  very  much  nearer  the  true  value  of  the 
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mechanical  efficiency.     At  the  same  discharge  the  compres- 
sion or  static  gauge  is  11  in.,  and  this  gives 

32-2x110000 

"       r8 


*-  200x144x0-7 
since  the  mechanical  efficiency  is  70  per  cent.  ; 
200-175-8      24-2 


<f>  =  30  deg.  8  min., 
while  the  manometric  efficiency  is 
32-2x110000 


2002xl44 


The  discharge  of  4,000  cu.  ft.  per  min.  gives  the  follow- 
ing results  :  £2=22-5,  a2=152-7,  cot  <£  =  2-10,  <£=25°  24', 
the  dynamic  efficiency  being  0'85  and  the  dynamic  water 
gauge  1T6  in.,  while  the  manometric  efficiency  is  64'7  per 
cent.,  and  the  mechanical  efficiency  50  per  cent.  We  do 
not  think  that  the  mechanical  efficiency  is  as  low  as  the 
manometric  efficiency,  because  it  is  quite  possible  that  <£ 
may  be  less  than  90  deg.,  and  we  believe  that  it  is.  In 
support  of  this  statement  we  mention  some  experiments 
with  a  Farcot  centrifugal  pump  at  Khatatbeh,  Egypt,19 
which  were  made  with  very  great  care,  and  are  probably 
accurate.  In  these  the  mechanical  efficiency  of  engine  and 
pumps  was  65  per  cent.,  corresponding  to  a  probable 
efficiency  of  pump  alone  of  between  72-2  and  76-5  per  cent., 
while  the  manometric  efficiency  was  65  9  per  cent. 

We  shall  now  discuss  some  experiments20  with  an  open- 
running  fan  at  the  Seghill  Colliery.  Before  doing  so  we 
may  state  that  we  believe  the  efficiency  is  exaggerated. 
Not  knowing  the  section  of  the  fan  drift,  we  cannot  find 
the  correct  reduction  of  the  water  gauge  due  to  the  velocity 
of  the  air  therein  ;  but,  neglecting  this,  let  us  consider  the 
total  energy  of  air  rejected  from  the  outer  circumference  of 
the  fan.  See  Table  49. 
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TABLE  49.— OPEN  RUNNING  FAN  :  SEGHILL  COLLIERY. 


Average  of  experiments. 

2  to  9. 

10  to  17. 

18.* 

Revs,  of  fan  per  min. 

39-81 

60-44 

60 

Discharge  in  cu.  ft.  per  min. 

87,940 

135,700 

247,500 

Water  gauge  in  drift 

1-09 

2-46 

2-14 

H.P.  in  the  air         

15-10 

52-65 

83-47 

I.H.P  

29-61 

96-1 

153-7 

Mechanical  efficiency  per  cent. 

51-02 

54-78 

5432 

*  Separation  doors  open. 
Taking  the  average  of  experiments  10  to  17, 

2r2=35-08ft.,  s2=  1-292, 

N  =  60-44  rev.  per  min.,  so  that  v2=  111  ft.  per  sec. 

the  water  gauge  in  the  drift  2-46//, 


the  discharge  Q  = 
2265 


135700 
60 


=  2262  cu.  ft.  per  sec., 


L  AAVV 

fr"  TX  85-08x1 -292'  neSlectmS  contraction. 


a2  =  -  — ,  where  7;  =  54-78, 

and  a.2  will  be  least  if  we  give  rj  its  largest  possible  value. 
Assume  that  the  mechanical  efficiency  of  the  engine  was 
only  85  per  cent.,  and  we  get 


32-2  x  24600  x  85 
144  x  lllx  54-78"  '7) 


and  assuming  the  density  of  the  air  as  0-0761,  the  energy 
rejected  at  outflow  in  H.P.  is 


0-0761 
550 


772  +  15-92     2265x0-0761 
x 


64-4 


550 


=  30. 


Adding  to  this  the  impeller  H.P.  52'6,   we  account  for 
82-6   H.P.    of   the   96-1    I.H.P.,    giving   a   total   dynamic 
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efficiency  of  0"86  after  having  assumed  that  the  efficiency  of 
the  engine  alone  is  0*85,  which  is  of  course  impossible. 

Next  let  us  suppose  that  the  engine  efficiency  is  higher, 
say  90  per  cent.,  so  that  «2  =  81'5,  and  the  H.P.  rejected 

(81-5)2  + (15-9)2     2265x0-0761 

64-4  550  *'5' 

so  that  the  dynamic  efficiency  of  engine  and  fan  is 

526  +  33-5 
— qgTT =  0'90,  very  nearly, 

allowing  next  to  nothing  for  the  losses  by  friction  in 
the  fan. 

These  experiments  are  therefore  conclusive  proofs  of  the 
exaggeration  of  either  water  gauge  or  anemometer.  They 
are  also  an  illustration  of  the  absurdity  of  estimating  the 
excellence  of  a  fan  by  its  dynamic  efficiency. 

Consider  next  the  experiments  with  the  Waddle  fan, 
p.  138.  In  the  first  place  we  do  not  believe  that  the 
expanding  rim  has  the  desired  effect.  Foreign  engineers 
seem  to  consider  an  angle  of  inclination  of  7  deg.  to  be 
sufficient  for  the  sides  of  a  diffuser,  and  we  do  not  think 
that  air  travelling  at  such  a  high  velocity  could  accommo- 
date itself  to  such  a  rapi-l  change  of  section  ;  but  in  the 
following  analysis  we  shall  suppose  that  it  does,  and  that 

Q                    231300 
03  =  n =  ™ ogT — 9:03  =  15*2  it.  per  sec., 

the  radial  component  of  velocity  of  flow  from  the  diffuser 
in  experiment  4  ; 

«3  =  tangential  component  —  az  — 

y.H.r2  32-2x26710x35        ^ 

~t»a  .  <rj .  r3=  109-2  x  144  x  0  792  x  36i=     ;'5' 

assuming  a  mechanical  efficiency  of  85  per  cent,  for  the 
engine  alone.  The  H.P.  rejected  in  the  form  of  kinetic 
energy 

Q  x  0-0761 

550        ~<58'K 

13 
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Adding  to  this  useful  H.P.  97*33,  we  find  the  dynamic 
efficiency  is 

38-6  +  97-3     ft.  _ 

-^4^5—  =  94-1  per  cent, 

which  is,  of  course,  impossible.  If  we  assume  that  the 
mechanical  efficiency  of  the  engine  alone  is  90  per  cent., 
the  dynamic  efficiency  becomes 

42-9  +  97-3 

— .,  .  .  , —  *  97  per  cent. 
144-5 

The  only  conclusion  is  that  the  anemometer  very  greatly 
exaggerates  the  discharge  of  air. 


CHAPTER  IX. 

HIGH-PRESSURE   FANS. 

THIS  chapter  is  a  summary  of  a  paper  by  Prof.  A.  Rateau.21 
Hitherto  fans  have  not  been  required  to  give  a  water 
gauge  of  more  than  24  in.,  while  it  is  only  lately  that 
centrifugal  pumps  have  been  used  for  heads  over  50  ft.  By 
means  of  steam  turbines  and  a  single  pump  a  head  of  nearly 
1,000ft.  has  been  obtained.  These  turbines,  pumps,  and 
fans  are  the  design  of  Prof.  Bateau,  and  those  mentioned 
herein  were  constructed  by  Sautter-Harle,  of  Paris. 

In  the  theory  of  centrifugal  pumps  and  fans  there  are' 
four  quantities  of  importance  : 
The  mechanical  efficiency  : 

crQH 


The  volumetric  efficiency  : 

Q 

The  manometric  efficiency  : 
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The  coefficient  of  power  transmitted  to  the  shaft  of  the 
pump  : 


T  = 


The  above  quantities  are  numbers  independent  of  all 
units.  In  the  formula  Q  is  the  volume  in  cu.  ft.  or  cu. 
metres  per  sec.,  H  is  the  head  in  metres  or  ft.,  a-  is  the  weight 
in  Ib.  or  kilogrammes  of  1  cu.  ft.  or  metre  of  the  fluid 
pumped,  r2  is  the  external  radius  of  the  wheel,  Wg  is  the 
work  done  per  sec.  in  ft.-lb.  or  kilogrammetres,  and  v2  is 
the  velocity  of  the  wheel  at  the  outer  radius.  Prof.  Bateau 


Jfcl 
FIG.  102. — CURVES. 


used  volumetric  efficiencies  as  abscissae  instead  of  orifices, 
and  drew  three  curves  of  ^m,  77,  and  T,  as  in  figs.  102  and 
103.  Fig.  102  are  those  of  a  centrifugal  pump,  and  103 
of  a  Rateau  fan.  For  a  given  pump  at  a  fixed  number  of 
rev.  per  min.,  the  curves  T  and  rjm  are  those  of  W8  and  H  to 
suitable  scales. 

Figs.  104  and  105  show  a  centrifugal  fan  driven  by  a 
steam  turbine  and  intended  to  produce  a  considerable 
pressure.  The  fan  is  made  of  steel  of  very  good  quality, 
capable  of  running  at  a  peripheral  velocity  of  over  800  ft. 
per  sec. ;  it  turns  in  a  cast-iron  casing  having  two  openings 
for  suction  and  forming  a  diffuser  and  volute.  The  turbine, 
which  is  a  steam  Pelton  wheel,  is  11-8  in.  in  dia.,  while  the  fan 
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is  10  in. ;  the  method  of  raising  the  oil  from  a  lower  to  a 
higher  reservoir  is  shown  in  fig.  106,  in  which  the  pipe  A  is 
connected  to  the  lower  reservoir  and  B  to  the  higher.  The 
small  tube  M  brings  a  small  amount  of  air  from  the  fan, 
which,  mixing  in  small  bubbles  with  the  column  of  oil  B, 
lowers  its  specific  gravity  to  an  extent  sufficient  to  enable 
the  column  A  to  raise  it  to  the  higher  reservoir.  The  dis- 
charge or  pressure  of  the  fan  can  be  controlled  by  a 
pneumatic  governor.  It  consists  of  a  cylinder  D,  fig.  104, 
containing  a  piston  P,  the  details  of  which  are  shown  in 


c 


0-5  .t-fl 

FIG.  103.— CURVES. 
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fig.  106.  The  rod  of  this  piston  is  connected  by  a  short  rod 
to  the  point  C  of  the  lever  ABC,  which  oscillates  about  the 
point  B,  and  is  connected  to  the  rod  of  the  steam  throttle 
valve  at  A.  The  cylinder  D  has  its  two  ends  connected  by 
the  pipes  1,  2,  figs.  104  and  105,  with  a  straight  tube  (1) 
and  Pitot  tube  (2),  both  placed  in  the  discharge  pipe  of  the 
fan ;  see  also  3  and  4,  fig.  107.  Thus  the  difference  of  the 
pressures  on  the  two  sides  of  the  piston  P  is  proportional  to 
the  square  of  the  velocity  of  discharge,  and  exerts  an  upward 
pressure  which  is  balanced  by  the  weight  of  the  piston, 
assisted  by  an  additional  weight  if  necessary  and  a  spring  S, 
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fig.  104,  whose  tension  increases  with  the  rise  of  the  piston 
and  gives  stability.  If  a  constant  pressure  instead  of  volume 


is  required,  the  upper  part  of  the  cylinder  is  connected  to  the 
atmosphere  and  the  lower  is  left  as  before.  To  avoid  piston 
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friction  a  rubber  diaphragm  is  sometimes  used.  The  ex- 
periments were  made  at  Sautter-Harle's  Paris  works,  and 
the  measurements  by  M.  liateau  and  M.  Chatelain.  The 


discharge  was  measured  by  a  convergent  discharge  pipe,  two 
of  whose  faces  were  fixed  and  parallel,  while  the  other  two 
were  movable.  At  its  larger  end  this  was  fixed  to  the  dis- 
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charge  pipe  of  the  fan ;  a  mercury  manometer  was  used  to 
measure  the  pressure  in  this  convergent  mouthpiece,  and  the 
discharge  could  be  calculated  from  this.  The  speed  was 
changed  from  8,000  to  20,200  rev.  per  min.  The  peripheral 
speed  of  the  fan  reached  nearly  870  ft.  per  sec.,  while  the 
discharge  pressure  amounted  to  16-75  in.  of  mercury,  or  228 
of  water — more  than  half  an  atmosphere.  The  revolutions 
were  measured  by  a  counter  driven  by  worm  gear,  which 
reduced  the  speed  one-thirtieth.  One,  two,  or  three  of  the 
steam  turbine  nozzles  were  opened  to  give  the  power  re- 
quired by  the  fan,  and  the  steam  pressure  in  the  steam 
chest  was  noted,  as  by  this  means  the  power  of  the  turbine 


could  be  deduced  from  previous  experiments,  so  that  the 
total  efficiency  of  engine  and  fan  was  thus  obtained. 

By  f  ormulse 22  obtained  by  M.  Rateau  the  consumption  of 
steam,  and  consequently  the  power  theoretically  available, 
could  be  calculated.  The  governor  was  not  used  during 
these  experiments,  so  that  the  pressure  in  the  steam  chest 
was  not  affected  by  it.  The  discharge  Q,  the  useful  power 
in  the  air  Tu,  the  theoretical  power  of  the  steam  Tt,  and  the 
coefficients  ?;m,  ?/,  and  rjv  were  calculated  in  the  following 
manner  :  the  discharge  Q,  in  cu.  ft.  per  sec.,  estimated  at 
atmospheric  pressure,  is  equal  to  the  product  of  S,  the  section 
of  the  convergent  discharge  pipe  in  sq.  ft.,  and  the  velocity  of 
flow  Cd  in  ft.  per  sec.  Hirn's  experiments  prove  that  the 
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coefficient  of  discharge  of  a  convergent  pipe  does  not  differ 
more  than  1  or  2  per  cent,  from  unity.  M  .  Rateau  proves 
in  his  paper  that  without  serious  error 


_ 
2g~  a-  ' 

where  A  p  is  the  difference  of  pressure  per  sq.  ft.  between 
suction  and  discharge,  and  a-  is  the  mean  density  of  the 
air.  The  figures  in  the  seventh  column  of  Table  50  are 
obtained  in  this  manner.  The  sixth  column  gives  H  in  ft. 
of  water,  and  in  the  calculation  of  o-  the  temperature  must 
be  assumed  to  be  38  deg.  Cen.  The  reduction  of  volume 
during  compression  must  be  taken  into  account  in  calcu- 
lating the  useful  power  Tw.  To  obtain  the  figures  in  the 
ninth  column  the  variation  of  pressure  per  sq.  ft.  must  be 
multiplied  by  the  volume  in  cu.  ft.  at  the  mean  pressure, 
so  that 

A      n 
T  _^P'^  32-8  +  0-5  H 

-550T 

The  work  theoretically  obtainable  from  the  steam  Tt  is  cal- 
culated as  follows  :  The  discharge  of  steam  is  obtained  from 
the  formula  — 

I  =  sP  (15-20  -0-96  log  P), 

where  s  is  the  total  section  of  the  nozzles  in  sq.  centi- 
metres, and  P  is  the  pressure  in  kilogrammes  per  sq.  centi- 
metre, while  I  is  the  quantity  of  steam  discharged  per  sec. 
in  grammes  ;  if  this  is  multiplied  by  3-6,  it  gives  kilo- 
grammes per  hour.  If  K  is  the  number  of  kilogrammes  per 
horse  power  hour,  when  the  steam  chest  pressure  is  P  and 
the  exhaust  p,  in  this  case  the  atmospheric  pressure,  then 


log  P- 

Then   the   theoretical   horse  power   obtainable   from   the 

steam  is 

3-6  1 
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The  mechanical  efficiency 


and  is  given  in  the  last  column  of  Table  50  on  p.  201.  As 
the  density  of  the  air  varies  at  different  speeds,  owing  to 
the  great  compression,  the  manometric  efficiency  is  not 
constant  for  a  given  opening  of  the  convergent  discharge 
pipe.  Although  the  fan  is  only  10  in.  dia.  it  develops 
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a  maximum  of  45'55  H.P.,  and  a  maximum  pressure  of 
19  ft.  of  water.  Fig.  108  gives  characteristic  curves,  a 
separate  characteristic  being  given  for  each  speed  as  the 
efficiency  of  the  turbine  increases  with  the  speed.  The 
ordinates  are  values  of  17,  while  the  abscissae  are  values 
of  t]v.  It  must  be  remembered  that  the  efficiency  is  the  ratio  of 
the  useful  work  done  by  the  fan  to  the  ideal  amount  obtainable 
from  the  steam  in  the  Rankine  or.Clau&ius  cycle.  At  normal 
speed  the  efficiency  passes  28  per  cent.,  showing  that  the 
fan  alone  has  an  efficiency  of  56  per  cent.,  as  that  of  the 
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turbine  is  about  50  per  cent.,  according  to  experiments 
previously  made. 

High-pressure  fans  driven  by  steam  turbines  can  be  used 
for  cupolas,  blast  furnaces,  and  Bessemer  converters,  and 
wherever  a  water-gauge  of  more  than  36  in.  is  required. 
They  can  even  be  employed  to  compress  air  to  70  Ib.  per 
sq.  in.  or  over.  A  single  wheel  can  increase  the  pressure 
in  the  ratio  of  T5  to  1,  so  that  two  wheels  working  in 
series  would  give  a  pressure  of  2-25,  a  third  3'4,  and  a 
fourth  5  atmospheres.  Their  mechanical  efficiency  is 
slightly  inferior  to  that  of  ordinary  piston  compressors, 
but  superior  to  Roots'  blowing  machines,  whose  efficiencies 
are  not  more  than  35  to  40  per  cent.  For  the  supply  of 
air  to  a  blast  furnace  whose  capacity  is  160  tons  of  cast 
iron  per  day,  and  requiring  19,200  cu.  ft.  of  air  per  min. 
at  atmospheric  pressure,  and  compressed  to  half  an  atmo- 
sphere, the  fan  would  be  2  ft.  7J  in.  dia.,  would  run  at 
6,000  rev.  per  min.,  and  the  steam  turbine  would  be  about 
the  same  size.  The  efficiency  of  the  turbine  fan  for  this 
high  power — 500  useful  H.P. — would  reach  10  per  cent., 
corresponding  to  a  steam  consumption  of  49*8  Ib.  of  steam 
per  useful  H.P.  hour  if  the  turbine  worked  with  con- 
densation. 


CHAPTER  X. 

The  Theory  of  Propeller  Ventilating  Fans.^The  propeller 
is  the  simplest  form  of  fan ;  it  requires  neither  diffuser  nor 
volute,  although  frequently  provided  with  a  chimney. 
Propeller  fans  are  used  when  a  large  volume  of  air  is 
required  at  a  very  low  pressure,  as,  for  example,  in  the 
ventilation  of  buildings,  in  which  case  the  volumetric 
efficiency  becomes  far  more  important  than  the  mano- 
metric  or  mechanical  efficiency.  Its  complete  theory, 
however,  is  extremely  complicated,  mainly  because  each 
particle  of  air  does  not  keep  to  a  cylinder  concentric  with 
the  axis  of  the  fan.  In  the  following  approximate  theory 
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we  shall  suppose  that  each  particle  of  air  moves  on  a 
cylindrical  surface,  and  that  the  axial  component  of  inflow 
is  the  same  as  that  of  outflow.  In  fig.  109  is  shown  the 
section  of  a  blade,  A  B,  6  is  the  relative  angle  of  inflow, 
and  <£  that  of  outflow,  if  we  assume  that  the  angle  of  flow 
coincides  with  the  angle  of  vane.  Let  6  be  the  axial  com- 
ponent of  the  velocities  of  inflow  and  outflow,  v  the  peri- 
pheral velocity  at  a  radius  r,  v2  that  at  the  extreme  radius 
r2,  a  the  component  of  the  absolute  velocity  of  the  air  at 
outflow  at  radius  r,  perpendicular  to  both  radius  and  axis, 
or,  in  other  words,  the  velocity  of  the  whirl.  The  motion 


FIG.  109. — VELOCITY  DIAGRAMS  FOR  PROPELLER  FAN. 


of  the  blade  is  to  the  left.     Then  from  the  triangle  of 
velocities  at  outflow 

a  =  v  - 1  cot  </> 


also 


av 


=  work  done  by  the  blade  at  that 


radius  per  pound  of  air,  and  if  the  air  enters  the  wheel 
without  sudden  change  of  direction,  it  follows,  from  the 
triangle  of  velocities  at  inflow,  that 


•  cot 
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Under  any  circumstances  the  losses  of  head  are 

(EK)2     (v-6cot(9)2 
li =     2g    =       ~~2? inflow, 

I2a  —  —~ at  outflow,  if  no  expanding  chimney 

J 

is  used,  diffuser  of  any  type,  or  guide  vanes  which  would 
gradually  destroy  the  whirl  speed  a.  If,  however,  a  chimney 
is  used,  and  r2  is  the  extreme  radius  of  the  fan,  and  R  that 
of  the  mouth  of  the  chimney,  then,  if  we  assume  the  flow 
at  the  mouth  of  the  chimney  to  be  uniform,  b  is  reduced 

to  b~>,  and  «,  since  the  moment  of  momentum  of  each 
rt 

particle  is  unchanged,  to  a^j.  Hence  the  loss  at  outflow 
becomes 


'2g 

There  is  also  loss  by  friction,  which  is  due  (1)  to  the 
friction  of  the  particles  of  the  air  against  the  outer  cylin- 
drical casing  in  which  the  fan  works  ;  (2)  to  the  friction 
between  the  air  and  the  surfaces  of  the  vanes ;  (3)  to  the 
friction  between  the  air  and  the  sides  of  the  chimney. 
We  shall  neglect  (1),  as  it  is  relatively  small ;  (2)  can 
be  obtained  approximately  from 


and  (3)  from 


The  last  term  on  the  right-hand  side  of  the  above  is 
obtained  as  follows :  Tangentially  the  motion  of  the  air  in 
the  chimney  is  a ;  hence  the  force  of  friction  tangentially 
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is  proportional  to  a2,  and  as  the  motion  is  a,  the  total  work 
wasted  is  proportional  to  a3,  and  may  be  represented  by 


4  2? 

which  is  independent  of  the  quantity  passing  through  the 
fan  ;  hence  the  loss  of  energy  per  pound,  or  the  loss  of 
head,  is  represented  by 

?»«_' 

2g  b' 

because  b  is  proportional  to  the  weight  passing  through 
the  fan. 

Let  us  now  suppose  that  the  axial  velocity  is  the  same 
at  any  radius  ;  then 


and  the  total  loss  of  head  at  inflow  is 

V2  (v-b  cot  0)2  0 

L  2  TT  r  b  a- .  d  r 

2  g 

t         _.  9\  _  > 


where  i\  is  the  internal  radius.  It  must  be  remembered 
that  6  is  a  function  of  r,  and  not  necessarily  a  constant. 
The  loss  of  head  at  outflow  is 

2  (V  -  b  COt  <f>)*  „          ,         , 


where  <f>  is  a  function  of  r,  and  v^r  w  where  w  is  the 
angular  velocity  in  radians.  If  there  is  a  chimney,  the  loss 
of  head  at  outflow  becomes 


r9~       ;      , 
**rb'dr 


2r 


b  TT  (rg2  -  r^)  a-  2  g  R*  '  <rbir(r2*  -  r 
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The  total  loss  of  head  by  friction  'n  the  fan  becomes 

J  V  9/7 


and  the  total  loss  of  head  in  the  chimney  is 


L*  =  F2^    6i(ra-r»)<r 


Let  us  first  suppose  that  the  blade  of  the  fan  is  a  plane 
surface,  and  that  0  =  <$>  constant.     Then  Lx  becomes 


To  simplify  this,  put  ^  =  0. 


Li  =    ~    -         +  ^2  cot2^  -  i  7<2  6  w  co 
=  _L  p^L  +  62  cot2  ^  -  1  v2  &  cot  < 
The  loss  at  outflow,  if  no  chimney  is  used,  is 

-  -  Je,  6  cot  *   +    1  ; 


but  if  a  chimney  is  used,  it  becomes 


and  the  loss  of  head  by  friction  in  the  fan  becomes 
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The  work  done  by  the  fan  per  Ib.  is 


Integrating  and  putting  r^  =  0,  the  expression  becomes 
o>2_6a>r2co      \iy-|i;26cot^ 


Hence,  since  the  work  done  by  the  fan  per  Ib.  of  air 
delivered  is  equal  to  the  head,  together  with  the  work 
absorbed  by  the  losses  of  head,  it  follows,  in  the  case  of  a 
fan  with  no  chimney,  that 

2     H  =  v2-     v6cot  <  -  v2  +  2  62  cot2    >-     v2&cot  <». 


neglecting  the  loss  by  friction  on  the  casing,  due  to  the 
whirl  speed.  Collecting  and  rewriting,  the  equation 
becomes 

2g  H  =  £t;2  b  cot  $-62  (1+2  cot2  ^>  +  F1cosec2  <#>+F2). 

Walker's  Experiments.  —  As  this  type  of  fan  usually  dis- 
charges against  very  little  pressure,  let  us  first  suppose 
H  =  0,  and  find  suitable  values  of  Fp  F2,  from  experiments 
made  by  Walker23  with  a  propeller  fan  whose  blades 
were  plane,  and  set  at  various  angles.  When  the  blades 
were  set  at  40  deg.  to  a  plane  perpendicular  to  the  axis, 
the  volumetric  efficiency  was  69  '7,  and  when  at  25  deg.  it 
was  53-8  per  cent.  Substituting  these  values  in  the  above 
equation  —  i.e.,  putting 


and      <£=25,  —  =  0'538—  we  get 

V2 

2-42  F1  +  F2  =  3-31,  for  <£  =  40°, 

and  5-60  F1  +  F2  =  6'49,  for  <£=25°  ; 

so  that  F1=l-00  and  F2  =  0'90, 
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and  the  equation  becomes 

|  v2  cot  <£  =  6  (1  +  2  cot2  <£  +  cosec2  <f>  +  0  90) 


from  which  the  volumetric  efficiency  =  9  -»*  9..2r       2    . 

The  following  is  a  tabulated  comparison  of  the  volu- 
metric efficiencies  from  experiment  and  the  above  equation 
(see  Table  III.  in  Walker's  paper/3  fan  No.  16)  :— 

<£  .........     15°     20°     25°     30°    35°    40° 

6fficienCy}  35  2   44-1    53'8   61-0   66-4  697 

28'6  43'°   53'8  64'7   68'4  69'7 

It  is  also  interesting  to  note  that  with  fans  1  and  12, 
both  of  which  have  plane  blades,  the  calculated  volumetric 
efficiencies  are  39*2  and  56*9,  as  compared  with  38*2  and 
58  -9  respectively  by  experiment.  Fan  No.  17  in  the  same 
paper23  has  rounded  backs  to  its  vanes,  but  the  calcula- 
tions we  have  made  seem  to  indicate  that  it  obeys  the 
equation 

|  v2  cot  <f>  =  b  (1  +  2  cot2  <#>  +  Fx  cosec2  <£  +  F2) 
when  H  =  0,  Fx  =  0'4625,  and  F2  =  1-650; 

so  that          |  v2  cot  </>  =  &  (3-11  +  2-46  cot2  e/>). 

Our  calculations,  assuming  that  0  and  <£  are  the  mean 
angles  between  backs  and  faces,  give  F1  negative.  The 
actual  and  calculated  volumetric  efficiencies  are  as  follows  :  — 

<$>  .........     15°     25°     30°     45°    50°    60° 

Actual  vol.  efficiency  per|41.4   6Q.8  6g.9   76.?   ?5.2   4(K 

cent.  J 

Calculated  vol.  efficiency  \41.g   62>5  68.9   75.0   72>5  61.5 

per  cent.  J 

It  will  be  seen  that  the  agreement  is  remarkably  close 
except  in  the  last  case,  where  the  loss  of  head  due  to  the 

14 
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friction  caused  by  the  whirling  motion  of  the  air  becomes 
of  importance,  and,  as  we  have  neglected  it,  theory  cannot 
be  expected  to  agree  with  practice. 

The  only  efficiency  that  we  can  consider  in  this  case 
is  the  dynamic  efficiency,  so  that 

v2  - 1-  v9  b  cot 


g 

62 


which  can  be  transformed  to 


where  rjv  is  the  volumetric  efficiency. 

The  results  obtained  from  this  formula  differ  entirely 
from  those  given  by  experiment,  because  the  angle  of  flow 
does  not  coincide  with  the  vane  angle.  The  above  equation 
gives  us 


The  following  gives  the  calculated  values  of  <£,  and 
shows  that  the  direction  of  flow  does  not  follow  the  curved 
back  of  the  vanes,  since  the  angle  of  flow  relative  to  the 
wheel  differs  considerably  from  the  vane  angle  :— 

Vane  angle  ...          15°  30°  45°  50° 

*  ...  ...       10°  30'     18°  18'     22°  49'     23°  45X 

Experimental  effici-j 
ency  per  cent.      / 

In  the  experiments  with  fan  No.  16,  with  plane  blades, 
the  mechanical  efficiency  of  the  fan  alone  is  not  given,  but 
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it  can  be  calculated  by  deducting  0'0338  horse  power  from 
that  of  the  motor,  which  gives  the  shaft  or  brake  horse 
power,  and  the  horse  power  in  the  air  divided  by  this 
gives  us  the  efficiency  of  the  fan  alone.  Applying  the 
above  formula  for  the  mean  relative  angle  of  outflow  <£, 
we  obtain — 

Angle  of  vane     ...        15o         20°  25°  27°          30°         35°  40° 

Experimental  effi-^ 

ciency  per  cent.  V    30'8        46'1  46'0  42'4          40*2        33'7  29'3 

of  fan  alone         J 

^n^perViIt01'}    28'6        43'°  53'8  58'°          64'7        6S'4  °9'7 

Cot<£         801        5-26  4-06  3'72          3-26        2*95  2'81 

<(>      7°-7'    10°-46'    13°-50'    15°-3'    17° -3'    18°-44'    19°-35' 

It  will  be  seen  from  the  above  that  ^>  is  approximately 
half  the  vane  angle,  and  also  that  the  volumetric  efficiency 
of  fan  No.  17,  with  rounded  back  vanes,  is  little  better 
than  that  of  fan  No.  15,  with  plane  blades,  for  angles  of 
30  deg.,  35  deg.,  and  40  deg. 

Considering  next  fans  with  curved  vanes  in  which  6  and 
4>  are  constant  but  unequal,  we  find  that  in  the  equation 
for  volumetric  efficiency  it  is  best  to  take  0  as  the  angle  of 
the  face,  and  <£  as  the  mean  between  the  angles  of  the  face 
and  back.  This  is  probably  due  to  the  fact  that  the  direc- 
tion of  outflow  depends  on  the  change  in  direction  which 
takes  place  between  inflow  and  outflow ;  the  latter  is  deter- 
mined by  both  the  back  and  front  angles  of  the  vanes ; 
further,  at  inflow  a  sudden  change  takes  place  from  an 
axial  to  a  forward  motion,  and  this  is  produced  by  the 
front  of  the  blade.  There  are  three  fans  in  Walker's 
paper  with  curved  blades,  Nos.  9,  14,  and  15.  The  first 
and  third  have  curved  faces  and  backs,  while  the  second 
has  a  plane  face,  but  a  curved  back.  If  a  is  the  mean 
angle  of  inclination  of  a  blade, 


in  thefirst<£  =  a  +  30J,  0  =  a-20; 
in  the  second  </>  =  a  +  20,  0  =  a ; 
in  the  third  <  =  a  +  31     0  =  a-20. 


212  CENTRIFUGAL  FANS 

Now,    in    this    type    of    fan   we    have    the    equation 
2  g  H  =  <y22- J  v2  b  cot  </>-(^f-+&2  cot2  0-*v2b  cot  $ 

+  b  cot2  <f>  -  *  v2b  cot  <}>}  - (1  +  F2)  62  - FX62  cosec2  </>; 
=  £  v2b  cot  6>  -Z>2  (cot2  0  +  cot2  </>  +  1  +  F2  +  Fj  cosec2  <£). 
When  H  =  0,  this  becomes 

|  v2  cot  0=*b  (cot2  (9  i  cot2  <£+  1  +  FJJ  +  F!  cosec2  <£), 
and  the  volumetric  efficiency 

bir 4  TT  cot  0 

v^=3  (cot2  (9  +  cot2  <f>  +  1  +  F2  -h  Fx  cosec2  ^))' 

but  the  above  will  not  give  results  agreeing  with  practice 
for  a  constant  value  of  Y1  because,  the  vane  being  curved, 
the  relative  velocity  of  the  air  over  its  surface  is  variable. 
Hence,  for  the  last  term  in  the  denominator  we  substitute 
J  Fj  (cosec2  </>  4-  cosec2  0),  and  obtain  very  good  results. 
These  three  fans  (9,  14,  16)  were  tested  with  mean  angles 
of  17  deg.,  27  deg.,  and  40  deg.,  and  we  think  that  the 
results  obtained  with  the  two  first  angles  are  of  very  little 
use  except  to  show  that  the  last  is  better,  both  for 
mechanical  and  volumetric  efficiencies,  because  the  air  at 
inflow  was  struck  by  the  back  of  the  blade ;  in  fact,  with 
a  decrease  in  the  angle  of  outflow,  the  angle  of  inflow  is 
decreased  too  rapidly  by  turning  round  the  blade.  Calcu- 
lating the  volumetric  efficiency  from  the  equation 

b  TT  4  IT  cot  0 

~v~2  =  3~ jcot2  B  +  cot2  </>  +  1  +  F2  +  £  F!  (cosec2  0  +  cosec2  </>)|' 

and  writing  Ft=  1-00,  F2  =  O90,  as  in  the  first  case, 

b  TT  4  TT  cot  0 

1^  =  3  {(cosec2  0  +  cosec2  </>)  x  1-5  -O'l} 

^ 2-79  cot  e 

=  cosec2  6  +  cosec2  <£  -  0-067' 
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which  gives  the  following  : 

AT       e  c  Actual  vol.     Calculated  vol.        C 

efficiency  A.       efficiency  C.          J 

9  40°  0-80  0-80  1-0 

14  40°  0-86  0-90  1-05 

15  40°  0-867  080  0'92 

0 

The  mean  value  of    -r-  is  0-99. 
A 

We  may  next  consider  the  mean  angle  of  outflow  from 
Nos.  9,  14,  15,  calculated  from  the  equation 


cot  <£  =  — 

4    ^ 

taking,  of  course,  the  actual  volumetric  efficiencies.     This 
gives  us 

No.  of  fan        9  14  15 

Mean  angle  of  vane  at)      7Qo  lg,     6Qo  Q,       7r  4&, 

outflow                       J 
<f>          25°  47'     24°  15'     24°  21' 

which  shows  that  by  curving  both  faces  or  the  back  of  the 
blade  $  is  increased  considerably. 
For  fans  with  plane  blades, 

2  g  H  =  J  v2  b  cot  <j>  -  I2  (2-90  +  3  cot2  </>), 

7/=~TTTA — 

from  which  we  obtain 

0-1         0-2         0-3  0-5         0-6 


for 
cent. 
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<£-30°,  per  I  7.6       12<0         u.8       u>0 

Ig— for  <ft  =  15°        4-91       38         4-025       5-28 
-ji^for  4>=30°  5-36       4-44         4'30       4-54 

which  shows  that  without  a  chimney  these  fans  cannot  be 
used,  efficiently,  to  produce  pressure.  It  will  also  be 
noticed  that  the  efficiency  decreases  as  4>  increases. 

We  may  next  consider  the  case  of  the  above  types  of 
propeller  with  a  chimney  whose  outlet  has  a  diameter 
three  times  that  of  the  fan.  The  general  equation  of  the 
fan  is  then 

w  2 

cot  <£  -  (  ~  +  b  cot2  6  - 

r^    ""* 


2    /?i  2  \       7,2  r  4 


cot 


-  62  F2  -  J  F!  fe2  (cosec2  </>  +  cosec2  ^), 

which  merely  states  that  the  head  produced  is  equal  to  the 
work  per  pound  done  by  the  wheel,  less  the  losses  at 
inflow  to  the  fan,  outflow  from  the  chimney,  and  those 
due  to  friction.  This  becomes,  when  simplified, 


cot  0-J  cot 

-  &2[~cot2  0  +  j£2  cofc2  ^  +  Ji  +  F2  +  V  (cosec2  (/>  +  cosec2  0)  | 

and  when  r-rR  =  |  this  gives  us 

2  g  H  =  |  v22  +  f  r2&  [cot  6>-f  cot<£] 

i—  -p  —i 

-  62     cot2  6>  +  \  cot2  </>  +  gV  +  F2  +  -J  (cosec2  0  +  cosec2  <£) 
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First  consider  the  case  of  plane  blades  when  H  =  0  ;  we 
then  get,  putting  F1  =  0  90  and  F2  =  l'6o, 

|  v22  +  /T  v2  b  cot  <£ 

-&2[-V0-cot2  <£  +  0-912  +  cosec2  <#>]  =  0 
£v22  +  0-14S  v2  b  cot  </>-62  [2-11  cot2  0+1-912  =  0; 

so  that  the  formula  for  the  volumetric  efficiency  is 
ITT  GTT 


V2      13'llvcot2  0  +  0'90  —  cot  0 
which  gives 

0=  30  deg.     45  deg.     60  deg.     90  deg. 
^per  cent.=      78  110  135  151 

o 

The  dynamic  efficiency  rjd  =  — - —  — - 

7T2  ( 1  —  4  —  cot  d> ) 
V       3  TT          rj 

and  we  shall  here  suppose  0  to  be  the  vane  angle. 

0=  30  deg.     45  deg.     60  deg.     90  deg. 
7/dper  cent.=    14'5          23-0  27'1         231 

We  should  probably  get  in  practice  a  very  much  higher 
efficiency  than  this,  as  0  would  actually  be  about  half  the 
above  values ;  in  the  third  case,  for  a  vane  angle  of  60  deg., 
supposing  the  angle  of  outflow  is  actually  45  deg.,  we 
should  have  an  efficiency  of  43 '3  per  cent. 

When  H  is  not  zero,  we  get 

2#H  =  |  v22  +  0148  v2b  cot  0-62  [211  cot2  0  +  1  912], 
from  which 


This  gives  the  peripheral  speed  for  various  values  of 
6+  v/^/H,  and  the  corresponding  values  of  air  efficiency 
can  be  found  from  the  equation 


cot 
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The  velocities  arid  efficiencies  are  given  in  Table  51. 
TABLE  51. 


b 

V7!f°r 

V7H 

0-15°. 

0  =  30°. 

0  =  45°. 

0  =  60°. 

0-1 

2-22 

2-14 

2-13 

2-13 

0-2 

2-58 

2-23 

2-17 

2-15 

0-3 

3-11 

2-40 

2-26 

2-20 

0-4 

3-73 

2-62 

2-37 

2-29 

0-5 

4-40 

2-88 

2-52 

2-40 

b 

77  for 

v'<7H 

0  =  15°. 

0  =  30°. 

0-45°. 

0  =  60°. 

o-i 

0-523 

0-490 

0-470 

0-457 

0-2 

0-490 

0-508 

0-485 

0-467 

0-3 

0-398 

0-488 

0-476 

0-462 

0-4 

0-308 

0-451 

0-459 

0-441 

0-5 

0-239 

0-403 

0-429 

0-415 

which  shows  that  the  best  angle  of  inclination  <f>  of  the 
vanes,  if  we  consider  volumetric  efficiency  as  well  as 
mechanical,  is  about  45  deg.,  but  that  this  type  of  fan  is 
very  unsuitable  as  a  means  of  producing  pressure,  because 
of  its  low  manometric  and  mechanical  efficiencies. 

Next,  consider  the  case  of  vanes  in  which  <£  is  constant, 
but  9  varies,  so  as  to  do  away  with  the  loss  of  shock  at 
inflow  ;  in  this  case  the  general  equation  becomes 


-  62  F2  -  1  Fj  b2  (cosec2  <j>  +  cosec2  0), 
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taking  cosec2  6  as  its  value  at  f  r2,  so  that 

cosec2  (9=1+  cot2  0= 
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and  FU  F2   the   previous   values   of    1-CO   and  0-90,  the 
equation  becomes 

2  g  H  =  0722  v22-M85  r2  6  cot  <£ 

-&2(1-912  +  0'611  cot2  </>), 
from  which  we  get, 


*  +  2-65  +  2-77 


+  0-82  cot 


also, 


*] 


7;  = 


From  these  equations  we  obtain  the  following  peripheral 
speeds  and  air  efficiencies  : 


TABLE  52. 


b 

"2 

</<7  H 

V.-H 

0  =  30°. 

0  =  45°. 

0  =  60°. 

0  =  90°. 

0  =  135°. 

o-i 

1-83 

1-76 

1-72 

1-67 

1-60 

0-2 

2-03 

1-88 

1-80 

1-69 

1-55 

0-3 

2-27 

2-02 

1-89 

1-73 

1-53 

0-5 

2-85 

2-36 

2-12 

1-85 

1-54 
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TABLE  53. 


6 

7,  for 

V,H 

0  =  30°. 

0  =  45°. 

0  =  60°. 

0  =  90°. 

0  =  135°. 

0-1 

0-685 

0-700 

0-708 

0-717 

0-722 

0-2 

0-630 

0-660 

0-675 

0-701 

0-712 

0-3 

0-557 

0-612 

0-639 

0-669 

0-678 

0-5 

0-415 

0-500 

0-544 

0-585 

0-589 

Now,  the  volumetric  efficiency  is 
and  in  a  Rateau  fan  we  have 

„  .  Q 

volumetric  efficiency  =  —  --»= 

«/  M     4P   * 


'2  '2 


since 


=  r2»  f  or 


+  v2  for  these  fans, 


^7  Pe 


Hence,  even  if  we  assume  for  the  Rateau  fan  a  mano- 
metric  efficiency  of  90  per  cent.,  the  volumetric  efficiencies 
for  6  =  0'5  Jg  H  of  the  two  fans  are  102  and  47-6  per  cent., 
so  that  the  propeller  fan  is  the  superior  of  the  two  in  this 
respect,  but,  of  course,  much  inferior  in  mechanical  and 
manometric  efficiencies.  The  above  assumes  </>=135  deg. 
in  both  cases,  and  even  if  <£  =  90  for  the  propeller,  the 
volumetric  efficiency  is  85-2  per  cent.  No  propeller  fan 
with  (£  =  135  has  yet  been  constructed  as  far  as  we  know, 
and  it  is  quite  possible  that  such  a  fan  might  discharge  the 
air  in  the  wrong  direction. 
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CHAPTER  XL 

Helical  Propellers.  —  Next  consider  the  case  of  helical 
blades,  in  which,  however,  the  pitch  at  inflow  is  not  the 
same  as  at  outflow,  but  that  6  at  every  radius  is  so  arranged 
that  inflow  takes  place  without  shock,  and  therefore  Lx  is 
zero.  Let  P  be  the  pitch  at  outflow,  then 


cot  <H-p-J 


80  that   crr  c'  and  •'•  cot  *=  ~  cot  ^2=  A  r< 

For  a  fan  with  a  chimney  the  loss  at  outflow  is, 


2 


j  r_ 


lirrladr 
i 
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The  loss  by  friction  between  the  air  and  the  surface  of 
the  vanes  is, 


r*   1 
J-  F1 


fr2 

-p  ,  2  y 

~27 

/r2 
-      -i 


(cosec2  <£  +  cosec2  0)rdr 


^    <t 


/r2  / 
2 


The  loss  of  head  by  friction  in  the  chimney  is, 


2(<»r- 


fr 
/ 

^    3  ^^- 
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The  work  done  by  the  propeller  per  pound  is, 


r\^ 

J  ». 


-  b  cot  <£) 


g 


rdr      , 
?.2y_r2  -  =  ^-(o)2-5Aw)(r1 

Neglecting  the  second  term  of  L4,  the  general  equation 
of  this  type  of  fan  becomes 


Let  rx  =  m  r2,  then  — 

2  0  H  =  (1  +  m2)  (v22  -  v2  6  cot  <£2) 


v  2 


-  6»  [(1  +  m2)  cot2  ^  ^2  +  F,  ^±^  cot2  <^2 
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ra 


Putting  F1=l-00   and   F2  =  O90,   ^-=J,    the    equation 
becomes 


and  if  m  =  J 


(0-6944)] 

-  v2  b  cot  </>2  [0-889  (1  +  m2)] 

-  b2  [cot2  </>2  (1  +  m2)  0-3056  +  1  -91], 


-(0-34  cot2  <£2  +  1-91)  ft2; 
so  that 

v22-  1-28  cot  <£2v2  b 

-  (0-44  cot2  </>  +  2-475)  ft2-  2'59  0H  =  0. 

Further,  the  air  efficiency 

H  1-8  .  (/  H 


This  we  can  now  determine  with  an  assumed  value  of  </>2 
for  various  values  of  ft-^  \/#tT;  since  for  <£2  =  45° 

s  r—   /s~3i;"'»H"' 


J' 


and  for  <    = 


2475  + 


2-59 


;} 


•Jg  H      *Jg  ] 
from  which  the  values  of  n  are  obtained  as  follows : 


7, 

*,=«'. 

<t,2=W°. 

v* 

, 

V2 

, 

^B 

^' 

^H 

0-2 

1-78 

0-640 

1-64 

0-670 

0-5 

2-17 

0-497 

1-79 

0-562 
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The  above  shows  that  the  efficiency  decreases  as  the  dis- 
charge increases,  and  increases  with  the  angle  <£2.  It  is 
probably  even  greater  for  <£2=  135,  but  as  the  air  might  be 
discharged  in  the  wrong  direction  with  this  arrangement, 
we  have  not  considered  it. 

The  volumetric  efficiency 

Q_ 

2^2 

Supposing  H  =  0,  then  this  becomes 


= _         , 

0-64  cot  <£2  +  VO-85  cot2  <£2  +  2-475' 

which  obviously  increases  with  <£2,  and  is  113  per  cent,  for 
<£2  =  45  deg.,  and  177'5  per  cent,  for  <£2  — 90  deg.  The 
dynamic  efficiency 


(1  +  w2)  (1  -  w2)2  7T2  fl  -  ~  cot  </>2l 


so  that  for  <£2  =  45°,     r)d  =  24  '8, 

and  for  <£2  =  90°,     ^  =  36-4. 

Hence  we  may  conclude  that,  if  an  efficient  chimney  is 
used,  c£2  should  be  90  deg.,  and  the  inflow  edge  of  the  blade 
should  be  helical,  and  of  such  form  that  if  #2  is  the  value 
of  0  when  r  =  r 


so  that  inflow  may  take  place  without  shock,  and  a  fair 
mechanical  and  a  high  volumetric  efficiency  can  be  obtained. 
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Experiments  with  Propeller  Ventilating  Fans. — These  ex- 
periments (24)  were  made  by  Mr.  Walker  during  1895-6 
at  Westminster.  The  primary  purpose  was  to  ascertain  : 

(1)  Whether  this  kind  of  fan  follows  the  ordinary  laws 
respecting  the  mutual  relations  of   speed   of    fan,  power 
absorbed,  and  amount  of  air  discharged. 

(2)  The  general  characteristics  regarding  the  speed  of 
fan,  power  absorbed,  and  quantity  of  air  discharged,  with 
different  angles  of  the  blades. 

(3)  The  effect  of  fans  differing  from  one  another  only  in 
the  cross-section  of  their  blades. 

The  experiments  showed  that  the  ordinary  laws  hold 
good,  and  that  the  propeller  fan  is  adapted  to  the  discharge 
of  large  volumes  of  air  at  small  pressures,  and  further  that 
volumetric  efficiency  is  more  important  than  even  mechanical 
efficiency.  All  the  experiments  were  made  with  fans 
having  a  free  discharge  (except  a  few  at  the  end),  the  outlet 
being  the  same  as  the  inlet.  The  volumetric  efficiency  of 
the  propeller  fan  is  greatest  with  free  discharge,  and  falls 
oft'  rapidly  if  the  discharge  pipe  is  baffled.  Seventeen 
three-bladed  fans  were  tested,  all  23f  in.  dia.  They  are 
shown  in  fig.  110.  The  fans  were  driven  direct  from  the 
spindle  of  an  electro-motor  fixed  centrally  to  a  cast-iron 
frame  in  the  rear  of  the  fans  (figs.  Ill,  112).  The  motor 
was  a  continuous-current  series-wound  machine  of  about 
one-third  of  an  electrical  horse  power.  The  air  was 
delivered  through  a  tube  24  in.  bore  and  4  ft.  long  (figs. 
114,  115),  made  of  stiff  sheet-iron  and  placed  concentric 
with  the  fan  axis  and  at  the  end  of  the  frame.  The  speed 
of  the  fan  was  indicated  by  a  tachometer,  attached  by 
a  Hooke's  joint  to  the  motor  spindle,  and  was  read  to  two 
rev.  per  min.  In  most  of  the  experiments  the  fans  were 
run  at  600  rev.  per  min.  ;  the  speed  being  kept  constant  by 
the  adjustment  of  a  suitable  form  of  resistance.  The 
velocity  of  the  air  was  measured  by  an  anemometer  of 
2f  in.  dia.,  placed  at  the  outer  end  of  the  delivery  tube ; 
the  instrument  was  calibrated  at  Kew  Observatory  for 
speeds  from  500  to  2,000  ft.  per  min.  The  velocity  varied 
greatly  in  different  positions  of  the  same  cross-section  of 
the  tube.  A  smooth  brass  rod  ^  in;  dia.  was  placed 
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horizontally  across  the  end  of  the  tube  to  which  the 
anemometer  was  attached,  so  that  the  centre  of  the  latter 
moved  in  the  horizontal  diameter  of  the  tube  for  all  posi- 
tions on  the  rod,  and  the  instrument  always  moved  in  the 
same  plane  across  the  current.  The  B.H.P.  of  the  motor 
was  obtained  by  a  dynamometric  brake,  fig.  113.  The  fan 
having  been  removed,  the  brake  pulley  was  fixed  in  the 
same  position  upon  the  spindle.  The  brake  was  highly 
effective  ;  it  was  sensitive,  and  ran  without  oscillation.  The 
pulley  was  of  cast  iron,  9 '4  in.  dia.,  with  smooth  circum- 
ference; round  the  pulley  was  wound  a  fine  silk  cord,  the 
upper  end  of  which  was  attached  to  a  Salter's  balance, 
while  the  lower  end,  supporting  a  scale  pan,  hung  vertically 
beneath.  If  W  Ib.  =load  in  the  scale  pan  and  w  =  reading 
of  the  balance,  then  the  B.H.P.  absorbed  by  the  brake  = 
(W-w)27rRN  ,  _  .  ,  ,.  .  ' 

— oo/vuT"       where  R  is  the  radius  of  the  pulley  in  feet, 

oo,UUU 
and  N  is  the  number  of  rev.  per  min. 

For  each  experiment  anemometer  readings  were  taken 
at  each  of  the  four  following  radii  of  the  delivery  tube : 
1J,  5J,  7J,  10 1  in.  The  cross- section  of  the  delivery  tube 
was  divided  into  four  imaginary  concentric  rings,  and  each 
of  the  above  radii  corresponded  with  the  centre  line  of  one 
of  these  rings  ;  each  of  the  three  outer  rings  was  equal  in 
breadth  to  the  diameter  of  the  anemometer.  The  velocity 
of  the  air  in  ft.  per  min.  as  ascertained  at  each  of  the  four 
radii  was  multiplied  by  the  area  of  the  corresponding 
rings  in  sq.  ft.,  and  the  products  being  added  together  gave 
the  number  of  cu.  ft.  of  air  discharged  per  minute. 
The  velocities  given  at  each  of  the  four  radii  are  given  in 
Tables  54  and  55  for  all  the  fans  tried.  The  areas  of  the 
four  imaginary  rings  were  1-275,  0'945,  0  614,  0'307  sq. 
ft.  The  mean  velocity  of  the  air  was  obtained  by  dividing 
the  air  discharge  in  cu.  ft.  by  3 '141  sq.  ft.  Readings 
of  the  anemometer  were  taken  for  two  minutes  at  each  of 
the  four  radii  for  each  experiment,  together  with  volts, 
amperes,  height  of  barometer,  and  temperature  of  air.  A 
series  of  experiments  were  made  with  the  motor  running 
at  600  rev.  per  min.,  and  the  experimental  readings  are 
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TABLE  54.— 


No.  of 
fan. 

Angle 
of 
blade 
in 
degs. 

Revs, 
per 
min. 

Volts 
of 
motor. 

Am- 
peres 
of 
motor. 

Velocity  of  air  per  min.  at 
radius. 

If  in. 

5£  in. 

7£in. 

lOf  in. 

1 

17 

890 

69-7 

1-50 

762 

767 

688 

607 

2 

17 

860 

81-5 

1-92 

880 

917 

920 

930 

3 

17 

645 

60-0 

1-58 

690 

730 

690 

675 

4 

17 

525 

545 

1-58 

617 

713 

730 

645 

5 

27 

610 

80-0 

2-33 

723 

804 

913 

951 

6 

27 

490 

78-3 

2-53 

423 

690 

880 

903 

7 

17 

758 

80-8 

2-07 

703 

785 

805 

760 

17 

650 

78 

2-28 

645 

780 

805 

700 

27 

-600 

85 

2-45 

910 

1,115 

1,145 

1,050 

- 

27 

595 

77 

2-20 

670 

780 

875 

990 

v 

40 

-495 

100 

2-70 

735 

970 

1,147 

1,070 

17 

600 

69 

1-91 

320 

365 

530 

635 

.  f 

27 

600 

79 

2-23 

600 

650 

755 

825 

27 

*600 

86 

2-47 

740 

890 

1,030 

960 

I 

40 

570 

88 

2-75 

745 

810 

910 

960 

in/ 

27 

-600 

81 

2-31 

805 

930 

950 

930 

10  ( 

17 

-600 

68 

1-85 

260 

405 

555 

645 

17 

850 

74 

1-70 

640 

745 

850 

990 

n\ 

27 

610 

63 

1-66 

645 

725 

860 

930 

\ 

27 

*600 

64 

1-75 

765 

895 

870 

850 

12 

27 

600 

63 

1-70 

590 

635 

740 

745 

15  1 

27 

600 

74 

2-06 

655 

745 

860 

995 

13  ( 

17 

600 

61 

1-63 

430 

525 

640 

680 

14  f 

17 

604 

53 

1-40 

415 

540 

605 

640 

\ 

40 

605 

85 

2-40 

780 

940 

1,110 

1,105 

15 

40 

600 

84 

2-40 

775 

965 

1,120 

1,085 

16 

35 

600 

65 

1-77 

720 

780 

860 

830 

17 

35 

600 

67 

1-87 

685 

830 

920 

875 

Experiments  on  Propeller  Ventilating  Fans,  Figs.  110  and  11-5,  of 
those  marked  *  revolving  4£  in.  out  of  the  tube.  Blades  set  at  an 
5£  in.,  7|  in.,  lOf  in.  from  the  axis  of  the  tube. 
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W.  G.  WALKER'S  EXPERIMENTS. 


Cu.  ft. 
of  air 
per  min. 

Weight 
on  the 
brake 
pulley  in 
ounces. 

B.H.P. 
of  motor. 

H.P. 

in  air. 

Efficiencies  per  cent. 

Me- 
chanical. 

Volu- 
metric. 

Pres- 
sure. 

2,128 

11-0 

0-0458 

0-0067 

21-2 

38-2 

0-7 

2,888 

21-5 

0-0866 

0-0241 

28-0 

54-0 

1-4 

2,172 

14-2 

0  0430 

00103 

23-9 

53-0 

1-4 

2,139 

14-2 

0-0350 

0-0098 

280 

65-0 

21 

2,790 

29-0 

0-0829 

0-0218 

26-3 

73-0 

2-7 

2,536 

33-5 

0-0770 

0-0164 

21-3 

82-0 

3-4 

2,427 

18-5 

0-0650 

0-0144 

22-2 

51-0 

1-3 

2,330 

22-2 

0-0677 

0;0127 

18-8 

57-0 

1-6 

*3,385 

31  7 

0-0894 

0-0390 

43-0 

89-8 

4-1 

2,773 

26-6 

0-0742 

0-0214 

29-9 

74-0 

2-8 

*3,265 

39-4 

0-0916 

0-0350 

38-2 

105-0 

5-6 

1,633 

20-6 

0-0590 

0-0043 

7-4 

43-3 

0-9 

2,348 

27-3 

0-0768 

0-0130 

16-9 

62-0 

20 

*2,965 

32-3 

0-0892 

0-0262 

29-4 

78-0 

31 

2,870 

377 

0-1075 

0-0237 

22-0 

80-0 

3-2 

*2,891 

28-7 

0-0809 

00243 

30-0 

76-7 

3-0 

*1,675 

19-7 

0-0550 

0-0047 

8-5 

44-4 

1-0 

2,720 

15-5 

0-0620 

0-0202 

326 

50-9 

1-3 

2,641 

16-0 

0-0458 

0-0185 

40-4 

68-9 

2-4 

*2,699 

17-6 

0-0489 

0-0190 

40-4 

71-6 

2-6 

2,222 

16-8 

0-0473 

0-0110 

233 

58-9 

1-7 

2,737 

23-8 

0-0671 

0-0200 

30-0 

72-6 

2-6 

1,926 

15-3 

0-0431 

0-0070 

16-7 

51-0 

1-3 

1,846 

10-7 

0-0300 

0-0063 

21-0 

48-6 

1-2 

3,272 

31-0 

0-0874 

0-0348 

39-8 

86-0 

3-7 

3,270 

30-6 

0-0862 

0-0350 

40-9 

86-7 

3-8 

2,580 

18-1 

0-0510 

00172 

33-7 

68-4 

2-4 

2,705 

19-1 

0-0538 

0-0199 

37-0 

71-7 

2-6 

23^  in.  dia. ,  all  revolving  inside  delivery  air  tube  24  in.  bore,  except 
angle  to  the  plane  of  revolution.     Anemometer  placed  at  radii  1|  in., 
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Efficiencies. 

Volumetric. 
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shown  in  fig.  116.  It  appears  from  this  diagram  that  the 
current  varies  directly  as  the  difference  of  tensions  in  the 
cord,  hence  the  relation  between  the  current  and  torque 
can  be  expressed  by  a  linear  equation,  thus  — 


where  T  =  torque,  C  =  current,  and  a  and  b  are  constants. 
Hence  the  B.H.P.  of  the  motor  at  600  rev.  per  min. 


33,000        33,000  ' 

£?*ctric     Motor. 


Voka 
LOO 


O  5  1O  15  2O          25          3O  35          %O 

FIG.  116.— EXPERIMENTAL  READINGS  AT  600  REV.  PER  MIN. 
(See  Table  54,  p.  228  ;  Series  Electric  Motor.) 

C,  Current  in  amperes  ;  E,  electromotive  force  ;  7',  torque ;  radius  of 
pulley  in  inches  x  weight  in  ounces. 

where  T  is  in  Ib.  feet,  and  w  is  in  radians  per  min.  With 
a  given  torque  the  amperes  were  not  quite  constant 
for  all  speeds  of  the  motor;  they  increased  slightly  and 
uniformly  with  the  increase  in  the  number  of  rev.  per  min. 
It  was  easy,  however,  to  frame  a  formula  which  gave  the 
torque  at  any  speed  the  motor  might  be  running  at,  taking 
into  account  the  small  increase  of  the  current  due  to  speed. 
Although  not  essential  for  the  present  experiments,  it  was 
interesting  to  determine  at  what  speeds  the  motor  should 
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be  run  so  as  to  give  the  maximum  B.H.P.  and  maximum 
efficiency  severally.  Its  speed  characteristics  are  shown  in 
fig.  117  for  constant  E.M.F. ;  the  revolutions  are  plotted  as 
abscissae,  and  the  ordinates  are  electrical  horse  power—  i.e., 
volt-amperes  -f  74 6.  The  diagram  is  self-explanatory. 
Fans  1  to  6  were  tried  at  progressive  speeds  from  300  to 
1,000  rev.  per  min.,  arid  the  following  relations  were 
verified  for  constant  angle  of  blades  and  position  of  fan : 
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FIG.  117.— SPEED  CHARACTERISTICS  OF  MOTOR. 

E.H.P.,  Electrical  horse  power  ;  E,  Efficiency;  B.H.P. ,  Brake 
horse  power. 


(1)  Air  discharge  varies  as  speed  of  revolution  ;  (2)  horse 
power  varies  as  (speed  of  revolution)3  ;  (3)  horse  power 
varies  as  (discharge)3  ;  (4)  torque  varies  as  (speed  of  revolu- 
tion)2; (5)  torque  varies  as  electric  current. 

The  following  is  the  method  of  calculating  the  horse 
power  in  the  air  discharged  and  the  efficiencies.  The  weight 

of  1  cu.  ft.  of  air  at  temperature  F  Fahrenheit  = 


where  B  is  the  height  of   the  barometer  in  in. 


, 

Taking 
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into  account  the  moisture  in  the  air,  the  weight  of  1  cu.  ft. 
of  air 

1  .  0  OA  A 

-  f  #)  approximately, 

where    b   is   the   pressure  due   to  the  moisture  in   in.  of 
mercury  ;  see  section  6. 

If   W  =  weight   of   air   discharged  in  Ib.   per  sec.,  and 
V  =  velocity  of  air  in  ft.  per  sec.,  then  the  kinetic  energy  of 

W  V2 
the  air  discharged  is    —  —  .,  and  the  horse  power  of  air 

discharged  is 

WV2 

=  V3xconstantj 


for  the  same  fan  under  same  conditions.     Hence  if  Q  = 
cu.  ft.  of  air  per  sec.,  the  horse  power  of  the  air  discharged 


horse  power  in  air  discharged 
Ihe  mechanical  emciency  =  —  —  r>  TT  p  —  —  » 

volumetric  efficiency  is  as  usual  --  %,  an(^  dynamic  pressure 

y2          **r* 

efficiencies  are  evidently  ^72*  the  static  pressure  efficiency 

being  zero. 

Experiments  were  made  with  fan  blades  at  different 
angles  to  the  plane  of  rotation.  The  results  with  fan  17, 
having  plane  surfaces  and  rounded  backs  to  the  blades,  are 
given  in  Table  55,  and  plotted  in  fig.  118.  These  may  be 
termed  the  characteristic  .  curves  of  the  fan  for  varying 
angles.  It  should  be  noted  that  maximum  volumetric 
efficiency  is  not  obtained  with  the  same  angle  as  maximum 
mechanical  efficiency.  In  Table  56  fans  16  and  17  have 
been  compared,  and  the  latter  certainly  has  the  better  volu- 
metric efficiency  by  a  very  small  amount,  and  the  mechani- 
cal efficiency  of  fan  and  motor,  which,  of  course,  includes 
motor  friction,  is  better  for  the  latter  ;  but  when  we  deduct 
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FIG.  118.— PLOTTINGS  OF  TABLE  55  (p.  230). 
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0-0338  horse  power  for  the  bearing  friction  of  the  motor, 
the  efficiencies  of  fan  alone  are  as  below  : 

Angle  of  vane    ...     15°     20°     25°     27°     30°     35°     40' 

Mechanical  effici- 
ency   of    fan,}-    30-8    46-1    46-0   42-4   40-2    33-7    29*3 
No.  16 

Mechanical  effici- 
ency of  fan, 
No.  17 

So  that  one  is  about  as  good  as  the  other.  Seventeen  three- 
bladed  fans  were  tried  in  order  to  test  the  effect  of  the 
cross-section  of  the  fan  blades,  fig.  110.  They  may  be 
divided  into  four  groups.  The  first  comprises  fans  1  to  4, 
the  second  5  to  10,  the  third  11  to  15,  and  the  fourth  16 
and  17.  The  blades  were  of  sheet  iron  T\  in.  thick,  and 
excepting  10  their  cross- sections  are  either  lines  or  arcs  of 
circles.  The  fans  in  each  group  differed  from  one  another 
only  in  the  cross-section  of  their  blades,  which  were  linear, 
plano-convex,  concavo-convex,  of  different  curvatures. 
Fan  1  had  flat  blades.  Fan  2  was  formed  by  fixing  a 
circular  back  to  fan  1.  Fan  3  was  formed  by  curving  the 
blades  of  fan  1.  Fan  4  was  formed  by  fixing  to  the  back 
of  fan  3  a  still  more  convex  surface.  The  blades  of  the 
other  groups  were  similar  in  form,  but  of  different  area  and 
thickness.  These  changes  in  shape  produced  considerable 
effect.  Fan  1  to  fan  4  were  all  tried  with  their  blades  at 
17  deg.  inclination.  The  superiority  in  mechanical  and 
volumetric  efficiencies  of  the  last  should  be  noticed. 

It  appears  that  on  exposing  the  perimeter  of  the  fan,  air 
is  sucked  into  the  outer  circumference,  so  that  the  volu- 
metric efficiency  is  largely  increased — see  fan  8  at  40  deg. 
Some  of  the  fans  were  tried  with  exposed  perimeter  by 
moving  the  delivery  tube  4J  in.  forward,  as  shown  in 
dotted  line  in  fig.  114.  Thus  in  the  case  of  fan  9  the 
mechanical  and  volumetric  efficiencies  were  increased  from 
16 -9  to  29-4  and  62  to  78  per  cent,  respectively.  A  much 
wider  form  of  blade  may  be  used  in  fans  arranged  to  feed 
from  the  tips.  This  type  of  fan  should  therefore,  where 
possible,  be  fixed  with  its  circumference  exposed. 
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Walker  made  experiments  with  two  fans,  one  24  in.  and 
the  other  48  in.  dia. ;  the  former  was  a  three-bladed  fan, 
with  blades  set  at  angle  of  35  deg.  to  the  plane  of  rotation ; 
it  is  a  type  designed  and  used  by  Walker  for  the  ventila- 
tion of  buildings,  factories,  and  ships,  and  for  drying  opera- 
tions. It  was  tested  at  600  rev.  per  min.,  and  was  driven 
by  belt  from  a  shunt- wound  motor.  Anemometer  readings 
were  taken  at  a  distance  of  18  in.  in  front  of  the  fan,  as 
well  as  behind.  At  inflow  on  an  elliptical  surface  the 
velocity  at  the  centre  was  303  ft.  per  min.,  at  about  the 
middle  of  the  curve  280  ft.  per  min.,  and  on  the  major  axis, 
which  was  perpendicular  to  that  of  the  fan,  it  was  250  ft. 
per  min.  The  velocities  of  discharge  were  600  at  the 
centre,  and  875,  1,230,  1,130,  470,  and  175  at  radii  of  1-91, 
5,  7'65,  10-5,  and  12  in.  No  delivery  tube  was  used;  the 
air  on  the  delivery  side  did  not  spread,  as  an  anemometer 
at  13  in.  radius  did  not  move.  The  48  in.  fan  was  tested 
in  the  same  manner,  the  blades  being  set  at  32^  deg.  to  the 
plane  of  rotation.  It  was  made  for  tea-drying  in  India, 
and  in  order  to  lower  shipping  charges  its  weight  was 
reduced  as  much  as  possible.  The  arms  carrying  the  fan 
spindle  are  of  mild  steel  1  in.  in  dia.,  screwed  into  cast-iron 
bosses  and  to  a  cast-iron  ring.  The  blades  are  hollow 
plano-convex  of  ^  in.  thick  steel,  brazed  together  and 
riveted  upon  the  lugs  of  a  cast-iron  boss,  figs.  119,  120, 
121.  Although  the  blades  are  extremely  light,  this  con- 
struction ensures  such  rigidity  that  vibration  is  practi- 
cally eliminated ;  consequently  the  fan  is  nearly  silent  at 
all  speeds. 

In  this  fan,  when  driven  at  350  rev.  per  min.  without  a 
delivery  tube,  the  velocities  of  inflow,  measured  on  a  half 
ellipsoid,  were  540  near  the  centre,  increasing  to  600  at 
about  the  middle  of  the  curve  and  to  830  on  the  diameter  of 
the  fan.  At  the  discharge  the  velocities  at  the  centre,  and 
3f  in.,  10  in.,  15  in.,  21  in.,  and  24  in.  radius,  were  1,070ft., 
1,370  ft.,  1,660  ft.,  1,490  ft.,  870  ft.,  and  400  ft.  per  min. 
respectively.  Anemometer  readings  were  taken  at  a  dis- 
tance of  3  ft.  in  front  of  the  fan,  and  at  the  elliptical  curve 
behind.  The  fan  delivered  17,000  cu.  ft.  of  air  per  min.  at 
350  rev.  and  about  34,000  cu.  ft.  at  700  rev. 
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124. 


FIGS.  119  AND  120.— 24-iN.  AND  48-iN.  FANS.  FIG.  121.— CURVA- 
TURE OF  BLADES  IN  FAN,  FIGS.  119  AND  120.  FIGS.  122 
AND  123.— FAN  WITH  SPECIALLY  DESIGNED  ELECTRIC  MOTOR. 
FIG.  124.— FIELD  MAGNETS  (IN  SECTION)  OF  FAN,  FIGS.  122 
AND  123. 

EFFECT  OF  Disc  ON  FANS  IN  FIGS.  122  AND  123. 
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In  figs.  122,  123  is  shown  a  fan  with  a  specially  designed 
electric  motor.  The  field  magnets  are  cylindrical,  and  are 
shown  in  section  in  fig.  1 24  ;  they  are  made  as  small  as 
possible  in  order  to  reduce  the  resistance  offered  to  the 
passage  of  the  air.  The  best  position  of  the  motor,  from  this 
point  of  view,  was  generally  found  to  be  a  little  in  front  of 
the  fan,  the  exact  position  depending  on  the  size  of  the 
orifice.  There  appears  to  be  a  central  region  immediately 
in  front  of  the  fan  where  only  a  little  stream  of  air  is 
delivered,  owing  probably,  in  fans  working  with  a  free  dis- 
charge, to  the  centrifugal  action  on  the  front  face  of  the 
blades,  which  is  apparent  near  the  centre.23 

Several  experiments  were  also  made  with  contracted  out- 
let and  inlet  with  a  fan  23J  in.  dia.,  the  blades  being  set  at 
35  deg.  to  the  plane  of  rotation.  The  fan  was  driven  at 
800  rev.  per  miri.  from  a  shunt- wound  motor ;  it  discharged 
into  a  2  ft.  dia.  delivery  tube  4  ft.  long  with  partially  closed 
outlet,  having  central  holes  6  in.,  12  in.,  and  18  in.  dia. 
Under  these  conditions  the  fan  was  tried  both  for  propelling 
and  exhausting  air,  and  its  efficiency  was  in  both  cases 
much  reduced.  The  fact  that  this  type  of  fan  is  unable  to 
maintain  static  pressure,  is  probably  due  to  the  compara- 
tively slow  speed  of  the  blades  near  the  centre,  in 
consequence  of  which  the  air  tends  to  pass  back  again 
through  the  centre  of  the  fan.  The  effect  of  fixing  a 
circular  disc  on  the  delivery  side,  so  as  to  prevent  the  air 
from  returning  through  the  fan,  was  to  increase  the 
efficiency  to  a  great  extent  when  working  against  resistance, 
whereby  a  static  pressure  was  obtained  in  the  air  delivered. 
Experiments  were  made  with  discs  of  different  diameters, 
and  it  was  found  that  in  order  to  obtain  a  good  efficiency, 
the  size  of  disc  should  increase  with  the  contraction  of 
orifice.  The  reason  for  this  is  evident,  because  a  and  v  are 
greater  nearer  the  outer  circumference,  and  a  v  must  always 
exceed  g  H. 

Figs.  125,  126,  127  show  the  effect  of  a  disc  with  fan, 
fig.  122,  123,  on  the  circulation  of  the  air;  in  the  case  in 
which  the  disc  is  omitted  the  air  to  a  great  extent  returns 
through  the  centre  of  the  fan.  Ccnsidering  that  this  type 
of  fan  is  used  for  drawing  air  through  a  material  to  be 
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dried,  like  wool,  or  through  tortuous  flues,  as  in  refrigerating 
apparatus,  the  adoption  of  the  central  disc  becomes  a 
necessity.  The  fan  is  more  efficient  when  exhausting  than 
when  producing  pressure.  Without  a  circular  disc  31  cu.  ft. 


FIG.  125.— WITH  Disc  (DD),  CONTRACTED  OUTLET,  PROPELLING. 

of  air  were  driven  through  the  6  in.  orifice  per  min., 
when  running  at  a  speed  of  800  rev.  per  min.  The 
delivery  was  increased  to  451  cu.  ft.  when  exhausting,  the 


FIG.  126.--W1TH  Disc,  CONTRACTED  INLET,  EXHAUSTING. 

other  conditions  being  identical ;  the  volumetric  efficiency 
was  thus  increased  nearly  15  times.  With  the  12  in.  orifice 
the  discharges  were  497  when  blowing  and  1,374  when 


FIG.  127. — WITHOUT  Disc,  CONTRACTED  OUTLET,  CIRCULATING. 

exhausting.  With  the  18  in.  orifice  the  volumetric  efficiency 
was  increased  only  from  58J  per  cent,  when  blowing  to  67 
when  exhausting.  The  advantage  of  suction  over  blowing 
is  largely  due  to  the  fact  that  the  dynamic  head  is  very 
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much  greater  in  the  latter  case,  because  the  air  has  to  leave 
by  a  contracted  orifice  with  considerable  velocity,  whereas, 
when  exhausting,  the  kinetic  energy  of  entry  is  at  least 
partly  converted  into  pressure  head  at  outflow.  Hence, 
when  blowing,  some  of  the  air  returns  through  the  fan,  as 
the  pressure  is  insufficient  to  discharge  it  from  the 
contracted  outlet ;  while,  when  exhausting,  as  the  outlet  is 
large,  the  pressure,  and  therefore  the  work  required,  is 
much  less.  To  take  an  illustration.  Allowing  a  coefficient 
of  contraction  of  0'65,  the  head  in  feet  required  to 
discharge  31  cu.  ft.  of  air  per  min.  through  an  orifice  6  in. 
dia.  is  given  by  Q  =  c  A  \/2</  H,  so  that 

^.aK\2  „  /A.TQK.r^^O  255  ft., 


3,600  x  64-4  x  (0'65)2  x  (0-7854) 

Q  being  cu.  ft.  per  sec ,  A  the  area  of  circle  6  in.  dia.  in  sq. 
ft.,  and  H  the  head  in  feet.  The  head  due  to  the  discharge 
of  451  cu.  ft.  through  a  2  ft.  dia.  circle,  with  probably  no 
contraction,  is  only  0-089  ft.  Walker  points  out  that 
negative  slip  has  been  generally  noticed  with  propellers 
having  thick  blades  and  round  backs.  Now,  his  experi- 
ments show  that  the  flow  through  fans  in  which  the  blades 
are  curved  back  is  very  much  greater  than  that  through 
fans  with  plane  blades,  and  this  appears  to  partly  explain 
negative  slip.  It  will  be  noticed  that  the  mean  pitch  of 
the  aft  edge  of  the  propeller,  considering  back  and  face,  is 
greater  than  the  pitch  of  the  face  alone. 

Walker  also  carried  out  some  supplementary  experi- 
ments with  fans  having  six,  three,  and  two  blades,  all 
of  the  same  shape  and  set  at  30  deg.  to  the  plane  of  rota- 
tion. The  revolutions  were  600  per  min. ;  the  six-bladed 
fan  was  tried  first,  and  its  alternate  blades  were  then 
removed  so  as  to  form  a  three-bladed  fan.  Afterwards  the 
two-bladed  fan  was  tried.  The  discharges  were  2,350, 
2,535,  and  2,140  cu.  ft.  per  min.,  giving  volumetric 
efficiencies  of  62,  67,  and  57  per  cent.  The  mechanical  as 
well  as  the  volumetric  efficiency  of  the  three-bladed  fan  was 
the  highest.  Experiments  were  also  made  with  helical 
blades  of  constant  pitch,  and  considerable  variation  was 

16 
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noticed  in  the  axial  discharge  of  the  air.  The  angle  at  the 
tips  was  27  deg.  with  the  plane  of  revolution.  The  helical 
blades  were  made  of  -Jg-  in.  sheet  brass  pressed  on  a  wood 
mould.  The  fan  was  run  at  600  rev.,  and  the  anemometer 
was  placed  18  in.  in  front  of  the  fan.  No  delivery  tube 
was  employed,  and  the  axial  velocities  at  radii  of  2  in., 
5  in.,  and  12  in.  were  770,  1,340,  and  230,  while  at  the 
centre  the  velocity  was  665.  The  rotary  velocities  were 
also  measured  by  placing  the  anemometer  wheel  in  a  plane 
passing  through  the  axis.  The  velocities  at  radii  of  2  in., 
5  in.,  8  in.,  and  12  in.  were  234  ft.,  562  ft.,  530  ft.,  and 
185  ft.  per  min.  The  efficiency  was  increased  by  putting 
rounded  backs  to  the  blades,  but  the  experiments  showed 
that  helical  blades  did  not  possess  any  advantages  over  the 
ordinary  non-helical  blades.  With  fans  of  later  design, 
having  plano-convex  blades,  Walker  obtained  volumetric 
efficiencies  of  86  to  90  per  cent.,  but  he  does  not  give  the 
angle  of  blade. 

The  horse  power  necessary  for  driving  the  fan  to  produce 
a  given  discharge  of  air  is  as  follows  :  Taking  the  barometer 
at  30  in.,  the  temperature  of  the  air  at  60  deg  Fah.,  and 
the  mechanical  efficiency  at  30  per  cent.,  let  d  be  the 
diameter  of  the  fan  in  feet,  a  the  area  of  the  fan  disc  in 
square  feet,  V  the  velocity  of  the  air  in  ft.  per  sec  ,  and  Q 
the  quantity  of  air  discharged  in  cu.  ft.  per  sec.,  then  H.P. 
required  to  drive  the  fan 

H.P  in  d  scharged  air     V2  Q  B     Q-QQ003756 
~  mechanical  efficiency  ~~       T  0*3 

and  substituting  /*=  60  +  461,  and  V  =  —  -p 

Q3 
H.P.  required  to  drive  the  fan  =  M7  x  lO'6- 


Further  Q>  =  rjrv2v22,  and  taking  the  volumetric  efficiency 
at  90  per  cent.  N  ^ 

Q="85~* 

where  N  =  rev.  per  min.     Thus  a  fan  2  in.  dia.,  running  at 
600  rev.  per  min.,  discharges  3,400  cu.  ft.  per  min. 
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It  is  evident  from  these  two  formulae  that  d  should  be  as 
large  as  possible.  Of  course  these  formulae  only  apply  to 
free  discharge.  The  effect  of  increase  of  diameter  is  shown 
by  the  fact  that  to  discharge  6,000  cu.  ft.  of  air  per  min. 
the  2  ft.  fan  would  require  0-73  horse  power,  while  a  4  ft. 
fan  would  need  only  0'045. 


CHAPTER  XII. 

OTHER  PROPELLER  VENTILATING  FANS  AND  RATEAU 
SCREW  FANS. 

THERE  are  many  types  of  ventilating  fans  in  use  at  the 
present  day.  The  Hattersley-Pickard  fan  is  designed  not 
only  to  deliver  a  large  volume  of  air,  but  to  discharge 
against  a  considerable  static  head.  It  is  fitted  with  a  boss 
of  large  diameter ;  this  is  because  the  central  position  of 
the  propeller  is  not  only  useless  for  moving  air,  but  is 
absolutely  harmful  when  working  against  pressure.  The 
blades  are  inclined,  to  wards  the  intake  so  as  to  enable  the 
air  to  cross  them  at  right  angles,  and  therefore  with  the 
least  possible  friction.  They  are  of  helical  construction, 
with  a  longitudinally  or  axially  increasing  pitch — i,e.,  </>  is 
greater  than  0,  and  at  the  outer  circumference  they  appear 
excellently  adapted  for  drawing  in  the  air  radially,  as  well 
as  axially.  This  appears  to  be  a  most  carefully  designed 
fan.  The  following  is  a  list  of  particulars  of  standard  sizes  : 


Diameter 
of  blade 
in  inches. 

Revolutions 
per  minute. 

Cu.  ft.  of  air 
per  min. 

-1 

9 

fc>>^ 

"S  •"•  2 

I~:t 

Width  of 
belt 
(inches). 

Volumetric 
efficiency 
at  max.  dis- 
charge and 
revolutions. 

18 

700  to  1,200 

2,150  to    3,600 

itof 

3* 

H 

113% 

24 

500  to  900 

3,500  to    6,600 

itof 

4 

if 

117  % 

30 

450  to  750 

5,  700  to    9,800 

i  to  1 

5 

2 

117% 

36 

400  to  650 

9,500  to  16,000 

itoii 

6 

2| 

117% 

48 

300  to  350 

17,500  to  31,  500 

1  to  2J 

8 

81 

118% 
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The  Blackman  fan  is  very  largely  used  in  this  country. 
Figs.  128  and  129  show  a  propeller  fan  made  by  Beck  and 
Henkel,  of  Cassel,  designed  to  discharge  large  quantities  of 
air  at  low  pressure.  The  vanes  are  made  of  steel,  and 
revolve  in  a  conical  casing.  These  fans  are  made  with 


FIG.  128. 

diameters  from  10  in.  to  118  in. ;  they  can  be  driven  direct 
or  by  transmitted  power. 

Rateau  Screw  Fans. — The  propeller  type  of  fan  is  cer- 
tainly that  best  suited  for  delivering  a  large  amount  of 
air  at  an  exceedingly  small  pressure  ;  but  where  a  large 
amount  has  to  be  discharged  against  some  considerable 
head,  a  modification  of  the  propeller  fan,  in  which  only  the 
outer  portions  of  the  blades  (i.e.,  the  part  where  v  is  great) 
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are  used,  seems  preferable ;  of  this  we  have  abundant 
proof  in  the  experiments  made  by  Walker  with  a  central 
disc  fitted  to  his  fan.  Further,  if  the  fan  casing  is  so 
constructed  that  the  tangential  component  of  the  leaving 
speed  —namely,  a — is  afterwards  reduced,  we  have  every 
reason  to  expect  an  increased  efficiency,  unless  the  friction 
in  the  casing  itself  is  excessive.  The  whirl  speed  at  dis- 


FIG.  129. 

charge  cannot  be  eliminated,  because  at  any  point  av-^-g  is 
the  work  per  pound,  and  if  H  is  not  zero,  a  cannot  be  zero, 
unless  at  inflow  we  give  the  air  moment  of  momentum 
before  it  enters  the  wheel,  and  then  in  the  wheel  destroy 
this  altogether,  so  that  the  air  issues  with  axial  velocity. 
The  fan  shown  in  figs.  130-132  is  designed  to  give  an  axial 
discharge.  In  the  lower  part  of  fig.  131  is  shown  a 
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cylindrical  section  through  the  guide  and  wheel  blades  of 
a  Bateau  screw  fan.  The  direction  of  the  air's  motion  is 
shown  by  the  arrows.  The  guide  vanes  are  ???,  m  and  the 
wheel  vanes  a,  b.  The  motion  of  the  wheel  is  upwards, 
and  the  wheel  vanes  are  so  designed  that  inflow  takes 
place  at  the  normal  orifice  without  shock.  The  sectional 
elevation  of  fig.  131  needs  no  comment,  except  that  the 
chamber  D  has  its  inner  side  partly  conical  in  order  to 


FIG.  130. 

reduce  the  velocity  of  the  air  by  increasing  the  section  of 
discharge.  The  wheel,  fig.  130,  has  its  vanes  formed  of 
steel  plate  fixed  to  the  rim  of  a  slightly  conical  wheel  of 
cast  iron  or  bronze,  by  means  of  angle  irons  in  the  case 
of  large  fans,  or  by  embedding  them  into  the  rim  in  smaller 
sizes.  A  general  view  is  seen  in  fig.  132.  An  alternative 
arrangement  is  shown  in  figs.  133,  134.  The  spiral  admis- 
sion chamber  gives  the  entering  air  velocity  in  the  opposite 
direction  to  that  of  rotation,  and  after  leaving  the  fan  with 
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a  velocity  wholly  axial,  the  air  is  discharged  through  a 
passage  whose  section  is  increased  by  making  its  inner 
surface  the  frustrum  of  a  cone.  A  third  method  is  shown 
in  fig.  135;  here  the  air  enters  parallel  to  the  axis,  and 


FIG.  131. 

the  vanes  at  inflow  are  so  inclined  as  to  receive  it  with- 
out shock.  The  change  of  the  moment  of  momentum  is 
effected  by  providing  a  volute  to  reduce  the  tangential 
motion  at  discharge,  and  so  convert  the  kinetic  energy  of 
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FIG.  132. 
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the  air  into  pressure  energy.  In  a  modification  of  the 
third  method  the  air  enters  from  the  left;  there  are 
no  guide  vanes,  so  that  the  air  is  discharged  in  a 
forward  direction  from  the  fan.  It  then  enters  a  diffuser 
provided  with  vanes,  which  change  the  forward  motion 
of  the  air  to  an  axial  direction,  so  that  the  greater  part 
of  its  kinetic  energy  is  transformed  into  pressure.  A  test 
of  a  ventilator  of  this  type  is  given  in  the  table  below. 
The  test  was  made  in  the  workshop,  the  air  being  dis- 
charged from  the  fan,  whose  diameter  was  4'G9  ft.,  into  a 
long  tube  5*57  ft.  diameter,  partially  closed  at  the  further 
end  by  a  steel  plate,  provided  with  a  square  orifice,  the 


FIG.  134. 


area  of  which  could  be  adjusted.  The  discharge  was 
calculated  from  the  pressure  in  the  tube,  and  the  section  of 
the  orifice,  a  coefficient  of  contraction  varying  between 
0-65  and  0'70  being  used  according  to  the  section  of  the 
orifice  ;  the  formula  for  calculating  the  discharge  in  cu.  ft. 
per  second  being  — 


_ 
A  A  /2x32-2xAx8 

A  Ay    -   —  —  — 

12  x  o- 


=  2-32  c  A  \/  ±? 
cr 
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where  Q  =  cubic  feet  of  air  per  second, 

A  =  area  of  section  in  square  feet, 
c  =  coefficient  of  contraction, 
H  =  pressure  head  in  feet  of  air, 
h  =  water  gauge  in  inches, 
8  =  density  of  water, 
o-  =  density  of  air. 


FIG    135 
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TEST  OF  AN  AXIAL  OR  SCREW  FAN  OF  A  TYPE  SIMILAR 
TO  THAT  SHOWN  IN  FlG.  135,  OF  4' 6 9  FT.  EXTREME 
DIAMETER  OF  VANES. 


No.  of  revolutions  per 
minute        

526 

545 

535 

532 

552 

556 

556 

564 

573 

Water  gange  in  ins. 

1-84 

1-61 

1-53 

1-53 

1-53 

1-53 

1-34 

1-29 

1-22 

Kilowatts  of  motor... 

107 

9-9 

9-65 

9-85 

10-1 

10-0 

9-5 

9'6 

9-9 

Foot-pounds  of  work 
by  fan  per  second 

0 

1156 

1705 

2390 

3030 

3170 

3180 

3180 

3461 

Discharge  in  cu.  ft. 
per  second  

0 

137 

215 

296 

386 

396 

452 

474 

554 

Mechanical  efficiency 
of  fan  and  motor... 

0 

0-16 

0-24 

0-32 

0-41 

0-43 

0-45 

0-45 

0-47* 

Manometric  efficiency 

0-26 

0-21 

0-205 

021 

0-19 

0-19 

0-18 

0-155 

0-14 

Volumetric  efficiency 

0 

0-185 

0-30 

0-42 

0-52 

0-53 

0-61 

062 

0-71* 

*  It  should  be  noted  that  maximum  volumetric  and  mechanical  efficiencies 
occur  at  the  same  orifice. 


The  Theory  of  Bateau  Screw  Fans.  —  We  shall  first  con- 
sider the  type  shown  in  figs.  130,  131  and  132.  Re- 
ferring to  the  sectional  view  of  guide  and  wheel  vanes, 
fig.  131,  let  a  be  the  outlet  angle  made  by  the  guide  vanes 
m  at  the  mean  radius  of  the  wheel,  with  a  plane  perpen- 
dicular to  the  axis,  6  <j>  the  angles  made  with  such  a  plane 
by  the  wheel  vanes  at  inflow  and  outflow.  Let  vm  be  the 
speed  of  the  wheel  at  the  mean  radius  rm  and  bl  the  axial 
component  of  the  air  at  discharge  from  the  guide  wheel. 
Then  from  the  velocity  triangle  (fig.  136),  if  the  air  enters 
the  moving  wheel  without  shock, 


cot  6  = 


a. 


Again,  at  outflow,  which  is  axial  —  i.e.,  a2=o—  if  &2  is  the 
axial  component  of  discharge,  which  in  fig.  136  is  greater 
than  bv  then 

vm  =  6   cot  <. 
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The  work  done  per  pound  of  air  by  the  wheel  is  — 
a-^m    vm  6t  cot  a 

~7~:        9 

The  loss  by  friction  in  the  guides  is— 

b  2 
=  Fj—  -i 


cosec2  a, 


v>n 


Wheel 
Vanes.    ui 


Guide,   Vanes.        V 

FIG.  136. 
the  frictional  loss  in  the  wheel  — 

=  ^(b^  cosec2  0  +  622  cosec2  <#>), 
and  the  leaving  losses  are  — 


where  63  =  velocity  of  discharge  from  the  fan  casing  to  the 
left  of  D. 
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Hence,  when  working  at  the  speed  at  which  shock  at  inflow 
is  avoided,  the  general  equation  of  the  fan  is 


Hvm  *  co   a      T1     ,  9 

=    m  i  -  -  K_L  cosec2  a 

9  *9 


vm  h*  cot  a 

m  i  - 

/      9 

-4  F2  [^  cosec2  0  +  |>2  COSeC2  </>  1  -(1  +  F3) 
L^#  *P  J  « 


Let  Sj  and  $2  be  the  breadths  of  the  wheel  at  inflow  and 
outflow,  and  s3  that  of  the  casing  to  the  left  of  D,  where 
the  speed  is  b3  ;  then  it  follows  that 

Q  =  2  TT  rm  sl  \  =  2  TT  rm  s2  b2  =  2  TT  rm  s3  63. 

Eliminating  the  axial  speeds  from  the  general  equation  and 
neglecting  the  thicknesses  of  the  vanes,  we  get  — 


-  wm  ^"w  "«  9      ,,     „ 

^  7T  #w  Sj 

F!  cosec2  a     F2  /  cosec2  0     cosec2  </>\     1  +  F3 

.  -^-   _— . —  I  _  -J-  —  I  rp  _ . 


r  F!  cos 

-^ 


The  general  equation  may  be  also  written  in  the  form — 


2 

,2 


2  g  H  =  2  vm  b2  ^cot  a  -  F^-^cosec2  a 
si  5i 


-  cosee      +       cosec 


Substituting  in  this  cot  </>  =  ~ 


and  cosec2  6  =>  1  -t-  (cot  a  +  -^? 

"2 

=  cosec2  a  +  2  t— l  cot  a  +  ^V 
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we  obtain  an  equation  between  H,  vm,  62,  slt  ,s2,  ,?3,  and  a 
in  the  form  of  a  quadratic  in  vm  and  bz  — 


-  [7 


-     ?    2  -2  cot  a 
-2  +  ^  +  (  !  +  Fs)  * 

"I  *  S 

In  designing  this  type  of  fan,  however,  it  is  best  to  com- 
mence by  making  certain  assumptions.  We  can  safely 
assume  that  the  mechanical  efficiency  of  the  fan  alone  is 
about  60  per  cent.,  and  as  this  type  of  fan  is  intended  to 
give  a  high  volumetric  efficiency,  we  should  take  this  as 
75  per  cent.  ;  then 

Q 

•qv  =^  volumetric  efficiency  =  —  '—% 

vz  rz 
where  v2  =  peripheral  speed, 

?'2  =  radius  of  the  tips  of  the  blades, 


'i:r*2  •*(r"-+3 


Now,  we  shall  suppose  that  s1  =  -—*, 

o 


1-166  x      86  n. 

and  putting     r,,  =  0-7S,  Jt  =  ^~-  =  0'568  », 


«!  1>m         f?n  P|  COt  a 

. ' .  COt  a  =  ^r-^ TTr-rE ^9 

0*6  x  0-75  vm 

=  2-93  r>.m 


b2  =  _ i — L  =  — />    let  us  say, 

Sn  6 

=  0-663  v™, 
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so  that  cot  (f>  =  -r^-  =  1-51 

"2 
.-.<£  =  33  deg.  40  min., 

independent  of  the  manometric  efficiency,  and  dependent 
only  on  TJV,  rm,  sv  and  s2.     Again, 

cot  (9  =  ^  +cota  =  1-76  +  2-93  nm. 


The  following  is  a  list  of  values  of  a  and  6  for  various 
values  of  rfm  calculated  from  the  above  equations  : 

?;OT  per  cent.  =       10  20  40  60 

a  =  ......  73°  40'       59°  38'       40°  29'       29°  38' 

0=  ......  25°  58'       23°    5'       18°  50'       15°  52' 

In  the  next  type  of  fan  with  a  spiral  inflow  passage  but 
no  guide  vanes,  the  manometric  efficiency  will  increase  the 
greater  velocity  of  the  inflowing  air  ;  the  speed  of  the  air 
in  this  passage  is  the  tangential  component  of  the  velocity 
of  inflow,  a.  Let  A  be  the  sectional  area  of  the  passage, 
and  Q  the  discharge  in  cu.  ft.  per  second  ;  then 


"  A' 


,    and  vm  =  62  cot  <£, 


cot  0  =  V 


Then  we  may  proceed  as  follows  : 


Vmrt 

-~  =  *  say^ 
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so  that  if  >?  and  fjin  are  assumed,  «x  and  vm  are  known  in 
terms  of  H.     Assuming  17  =  60  and  ^  =  75  per  cent.,  and 

Sj  =  -^as  before,  then  — 


0-568  vm 
and  is  now  known,  and  62  =  0*663  vm  as  before. 

Further,    cot  <£  =-^-  =  1-51  and  <£  =  33°  40'  as  before. 
wi 

We  need  not  deal  with  the  type  of  fan  in  fig.  135,  as  its 
theory  is  precisely  the  same  as  that  of  the  radial  flow  fan 
with  volute. 

In  designing  the  type,  fig.  137,  we  shall  suppose  the 
volumetric  efficiency  75  per  cent,  as  before,  and  that 


then 


-=  0-566  1/,  =  0-425, 

Vm 

^_=  £L.A  =  0-778, 

Vm         S2     Vm 

vm  being,  of  course,  the  velocity  at  the  mean  radius. 
We  can  now  find  the  vane  angle  at  inflow,  since 

cot  0  =  -£  =  2-35 
&i 

and  .'.6=  23°  3'. 

If  </>  is  the  angle  made  by  the  mean  direction  of  motion  of 
the  air  relative  to  the  wheel  at  outflow,  then 

<*2   =   V'M   ~    &2  C0fc  0 

cot  </»  =  Vm  ~  a*  =  1-286  (  I  -  -5*\ 

&  V  VmJ 
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Assuming          17  =  0'6,         then  a2  = 


H 

3  vtn 


.-.  cot  <£  =  1-286  (1  -  1-67 17,,,). 


17 
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The  air  leaving  the  wheel  has  an  axial  component  b2  and 
a  tangential  component  a2,  and  if  the  guide  vanes  are  to 
receive  the  air  without  shock  they  must  be  inclined  at 
angle  a  such  that — 

tana  =J^  =  0-778^ 
_  0-466 

V]m 

The  following  is  a  list  of  values  of  <f>  and  a  for  various 
values  of  M  : 

M  per  cent.  =    10  20  30  40  60  80 

0=  43°    4'       49°  21'       57°  16'       66°  48'       90°  113°  12' 

a  =  ..        ..  77°  52'       66°  46'       57°  15'       49°  21'       37°  49'       30°  12' 


CHAPTER  XIII. 

FANS  AND  COMPRESSORS  :  RECENT  PRACTICE. 

IMPROVEMENTS  IN  FAN  DESIGN. 

IN  centrifugal  fans,  especially  of  the  drum  type,  in  which 
the  blades  are  long  in  an  axial  direction  compared  with  the 
radial  depth,  there  is  a  tendency  for  the  reduction  in 
pressure  at  the  inlet  to  cause  the  air  on  this  side  of  the 
fan  to  be  actually  drawn  from  the  discharge  to  the  suction 
through  the  blades.  This  was  first  noted  by  S.  C.  Davidson 
when  experimenting  with  a  fan  wheel  open  to  the  air  at 
one  end  (fig.  138, 1.)  and  rotating  without  an  enclosing  casing 
of  any  sort.  The  outward  discharge  of  air  was  strongest 
at  the  back  or  closed  end  A,  but  the  strength  of  this 
discharge  gradually  diminished  and  became  nil  at  a  point 
0  nearly  midway  therefrom,  and  from  this  point  onwards 
it  assumed  a  centripetal  flow.  For  this  reason  he  termed 
A  the  positive  and  B  the  negative  end  of  the  fan.  When 
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I. 


n. 


FIG.  138.— IMPROVED  FANS. 

Illustrating  the  peculiar  cyclonic  movement  of  air  in  an  open  drum 
type  of  fan.  II.,  Partitions  placed  in  and  outside  a  fan  to  prevent 
the  air  movements  shown  in  I.  III.,  Design  of  casing  for  encased 
fan  to  compel  the  negative  end  of  the  wheel  to  draw  from  the 
suction  region.  IV.,  V.,  VI.,  Drum  type  of  centrifugal  fan  in 
which  the  angle  of  blade  at  the  inlet  end  is  made  less  than  at  the 
disc  end  to  cause  a  more  evenly  distributed  discharge. 
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such  inflow  takes  place  it  must  be  due  to  the  reduction  of 
pressure  at  C  being  so  great  that  the  pressure  difference 
between  the  discharge  and  suction  is  large  enough  to  force 
air   against   the   centrifugal   action    of    the    blades.       To 
counteract  this  he  proposed  to  place  a  partition  in  the  fan 
wheel  to  separate  the  positive  from  the  negative  end,  and 
also  to  so  place  the  fan  with  respect  to  the  wall  separating 
the  suction  and  discharge  regions  of  the  outside  air  that 
the  negative  end  would  operate  in  the  suction  region  as 
shown  in  fig.  138,  II.  He  even  goes  so  far  as  to  propose  such  a 
design  as  shown  in  fig.  138,  III.,  for  a  fan  of  the  encased  type. 
The  curved  part  of  the  casing  approaches  the  fan  wheel  in 
such  a  manner  that  it  admits  air  from  the  suction  side  to 
the  outside   of    the   negative   end   of   the   wheel,   whilst 
leaving   only  the  positive  end   to  the  discharge.      These 
difficulties  show  the  fruits  of  departing — for  the  sake  of 
cheapness  of  construction — from  the  more  rational  design 
of  the  Kateau  fan,  in  which  the  discharge  area  of  the  fan 
wheel  is  limited  to  the  positive  end  and  is  much  reduced. 
It  is  evident  that  many  designers  have  been  well  aware,  if 
not  of  an  actual  inward  flow,  of  a  very  unequal  distribu- 
tion of  discharge  along  the  wheel.    For  example,  the  blades 
of  the  Keith  fan  are  deeper  in  a  radial  direction  at  the 
negative  than  at  the  positive  end  of  the  wheel,  and  it  is 
claimed   that   the   added   centrifugal   effect    due    to   this 
increases   the   discharge   at   the   so-called    negative    end. 
Again,  Siemens  and  D.  A.  Hackett  have  patented  a  form 
making  the  angle  at  which  the  fluid  is  discharged  from  the 
vanes  less  at  the  intake  than  at  the  disc  or  positive  end  of 
the  fan.     This  angle  of  discharge  is  defined  as  the  angle 
between  the  vane  and  the  tangent  to  the  circumference  of 
the  wheel.    Thus  the  angle  (3  (fig.  1 38,  IV.)  at  the  intake  end 
being  less  than  oc  at  the  positive  end,  the  air  at  the  intake 
end  is  given  a  greater  velocity  of  discharge.     The  blade 
consists  of  two  parts,  namely,  A  the  blade  proper  and  a  lip  B 
(fig.  138,  VI.).  The  lip  B  is  attached  to  the  disc  C  (fig  138,V.) 
by  point  welding.    The  edge  D  of  the  part  A  (fig.  138,  VI.)  is 
straight,  the  outer  and  inner  edges  E  and  F  are  contained 
in  one  plane ;  the  edge  G  appears  concave  when  looking  at 
the  front  side.     The  direction  of  rotation  is  indicated  by 


CONSTRUCTION   OF  CENTRIFUGAL  FLUID   PUMPS      261 

the  arrow.  The  curvature  of  the  blade  varies  from  end 
to  end.  The  blades  at  the  intake  end  a:e  attached  to  a 
stiffening  ring  H  b}T  toe  pieces  K,  which  are  welded  to  the 
blades  and  the  ring  H.  The  outer  edges  E  of  the  blades 
are  not  quite  parallel  with  the  axis  of  the  fan  spindle. 
The  boss  member  L  is  keyed  on  the  spindle  and  the  disc  C 
is  attached  to  the  boss  bv  screws. 


CONSTRUCTION  OF  CENTRIFUGAL  FLUID  PUMPS. 

Small  wheels  of  rotary  fans,  compressors,  and  centrifugal 
pumps  are  often  built  up  of  a  front  disc  A  (fig.  139)  and  a 


FJG.  139. 

The  first  figure  illustrates  the  difficulty  of  introducing  a  holding-up 
hammer  when  riveting  the  usual  wheel.  The  improved  construc- 
tion in  the  second  puts  the  huh  at  the  rear,  and  a  shaped  distance 
piece,  H,  is  put  on  afterwards.  X  are  centre  lines  of  wheel  hubs. 

rear  disc  B  formed  with  a  for  ward  ly  extending  portion  C 
of  curved  profile.  The  two  discs  are  secured  together  by 
vanes  D,  which  act  as  distance  pieces.  In  assembling  the 
parts  the  vanes  are  usually  first  riveted  to  the  disc,  the  disc 
is  then  applied  in  position,  and  the  other  side  of  the  vane 
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is  riveted  to  it.  When  dealing  with  the  rivets  placed  close 
to  the  periphery  of  the  wheel  a  suitable  tool,  such  as  a 
holding-up  hammer  E,  for  holding  the  heads  of  the  rivets 
is  passed  through  the  outer  opening  of  the  wheel.  When 
dealing  with  the  rivets  situated  towards  the  inlet  of  the 
wheel,  however,  the  holding-up  hammer  cannot  be  con- 
veniently held  fast  during  the  riveting  operation,  and  it  is 
therefore  necessary  to  pass  the  hammer  through  the  inlet, 
as  shown  in  the  first  fig.  But  in  building  up  a  small 
delivery  wheel  the  two  discs  are  so  close  to  one  another 
as  to  render  it  impossible  to  pass  the  holding-up  hammer 
through  the  inlet.  This  difficulty  is  overcome  in  a  method 
of  construction  recently  patented  by  Eateau,  by  forming 
the  rear  disc  of  a  flat  or  slightly  conical  member  F  having 
a  rearward  extension  G  to  form  a  hub.  When  the  vanes 
have  been  riveted  to  the  disc  F  and  the  outer  disc  A  has 
been  placed  in  position  as  before,  access  to  the  front  of  the 
disc  F  remains  quite  free.  The  holding-up  hammer  can 
then  be  introduced  straight  within  the  wheel  for  enabling 
the  rivet  heads  to  be  held.  For  finishing  the  wheel  after 
it  has  been  mounted  on  the  shaft  a  distance-piece  H  is 
added,  in  the  form  of  a  sleeve,  having  the  required  profile 
to  constitute  the  bottom  of  the  inlet.  This  sleeve  also 
serves  to  maintain  adjacent  discs  of  successive  wheels  at 
the  required  distance  apart  in  cases  where  a  number  of 
wheels  are  used  on  the  same  machine. 


STEPPED  VANES  FOR  CENTRIFUGAL  FANS. 

In  order  to  give  greater  rigidity  to  stepped  vanes  or 
blades  of  centrifugal  fans  Alldays  and  Onions  and  G-.  F. 
Jenks,  Birmingham,  have  formed  on  the  back  of  the 
blades  a  rib  or  short  longitudinal  corrugation  at  the 
part  where  one  plain  part  passes  by  a  step  into  another 
plain  part  or  rib.  A  is  a  ring  or  disc  to  which  the  inner 
ends  of  the  blades  B  are  fixed,  as  is  usual,  and  C  is  the 
ring  to  which  the  outer  ends  of  the  blades  are  fixed. 
Each  of  the  blades  is  provided  with  two  shoulders  or 
steps  I),  and  rigidity  is  given  to  the  blades  at  the  stepped 
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parts  by  ribs  or  short  longitudinal  corrugations.  The 
vanes  B  may  be  arranged  inclined  to  the  disc  A  instead 
of  at  right  angles  to  them  as  shown. 

B 


FIG.  140. — STEPPED  BLADES  FOR  A  CENTRIFUGAL  FAN,  WITH  RIBS 
FOR  STIFFENING  THEM  AT  THE  JOINTS. 


ARRANGEMENT  OF  FANS. 

It  is  extremely  important  in  arranging  fans  that  they 
should  be  fixed  in  such  positions  that  the  flow  at  discharge 
is  interfered  with  as  little  as  possible  even  at  some  distance 
from  the  periphery  of  the  fan.  In  this  work  it  is  useful  to 
bear  in  mind  the  molecular  theory  of  gases  and  regard  the 
air  molecules  as  solid  particles  travelling  in  straight  paths, 
until  they  impinge  on  some  surface,  when  they  rebound, 
following  more  or  less  the  ordinary  laws  of  impact.  If 
they  meet  a  surface  normally  they  will  be  driven  directly 
back  again ;  of  course,  no  surface  is  perfectly  regular,  so 
that  a  certain  amount  of  scattering  is  caused  by  this  and 
by  the  returning  molecules  colliding  with  each  other.  A 
molecule  returning  to  the  fan  at  high  velocity  will  require 
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more  work  to  be  done  upon  it  to  induce  it  to  discharge 
again  than  was  needed  to  discharge  it  in  the  first  instance. 
The  commotion  caused  by  a  multitude  of  such  erratic  mole- 
cules disturbs  what  may  be  called  the  ''stream  line"  flow 
of  the  fluid.  The  proof  that  this  is  not  mere  theorizing 
may  be  found  in  the  recently  developed  molecular  air  pump 
and  in  recently  protected  methods  of  arranging  fans.  For 
example,  in  torpedo-boat  destroyers  the  fan  for  producing 
forced  draught  is  usually  uncased  and  is  placed  in  one  of 
the  upper  corners  of  the  stokehold  close  to  the  deck  and 
sides.  The  result  is  that  the  air,  which  is  forced  out  radi- 
ally all  round  the  fan,  strikes  against  the  deck  and  sides 
and  the  beams  supporting  them.  The  fan  should  be  partly 
or  wholly  encased,  with  two  or  more  curved  delivery  outlets 
so  arranged  as  to  guide  the  outgoing  air  directly  into  the 
stokehold  and  away  from  any  obstructions.  Fig.  141,  I., 
shows  a  partly-encased  Allen  fan  with  two  delivery  outlets 
O,  arranged  so  as  to  avoid  the  overhead  girders  shown  in 
section.  Again,  in  the  case  of  fans  for  the  stokeholds  of 
steamships,  where  several  fans  have  to  be  placed  side  by 
side,  it  is  found  that  some  of  the  air  delivered  from  one 
fan  obstructs  the  delivery  of  air  from  an  adjacent  fan.  To 
overcome  this,  W.  H.  and  R.  W.  Allen  have  patented 
deflectors  to  guide  the  air  in  the  desired  path.  Fig.  141,11., 
shows  the  deflector  D  for  two  adjacent  fans  rotating  in 
opposite  directions  and  the  arrows  indicate  the  paths  taken 
by  the  air  at  discharge,  the  intake  being,  as  in  the  previous 
case,  at  the  eye  of  the  fan.  Without  this  deflector  there 
is  a  tendency  for  the  delivery  of  one  fan  near  the  thinnest 
part  of  the  volute  to  enter  the  other  fan.  Fig.  141,  III., 
shows  the  deflectors  D  used  where  two  adjacent  fans  rotate 
in  the  same  direction,  the  left-hand  deflector  preventing 
the  molecules  from  bombarding  the  awkward  faces  of  the 
casing  and  the  right-hand  deflecting  the  stream  of  its  fan 
gradually  into  the  delivery  of  the  left-hand  fan. 
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FIG.  141.  — ARRANGEMENT  OF  FANS. 

I.,  Fan  for  torpedo-boat  destroyers  (forced  draught)  with  curved 
deliveries  0  to  avoid  the  overhead  girders  which  otherwise  would 
reduce  the  quantity  of  air  delivered.  II.  and  III.,  Fans  for 
steamship  stokeholds  with  special  deflections  D  to  prevent  the 
delivery  from  one  fan  interfering  with  that  of  the  adjacent  fan. 
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CONSTRUCTION  OF  CENTRIFUGAL  FANS. 

Much  attention  is  apparently  being  paid  by  designers  of 
multi-wheel  centrifugal  fans  to  the  principle  of  construc- 
tion in  efforts  to  obtain  good  balance,  easy  and  rapid  repair, 
efficiency  and  strength.  Fig.  142,  L,  and  II.,  show  a  two- 
stage  fan  designed  by  P.  W.  Allday  and  T.  H.  Plummer. 


I. 


FIG.  142. — TWO-STAGE  CENTRIFUGAL  FAN. 

I.,  Lougxvay  section.     II.,  Elevation  of  inner  half  of  end  easing,  show- 
ing guide  vanes. 

The  middle  casing  A  has  axial  inlets  at  opposite  sides  and 
resembles  generally  the  casing  of  an  ordinary  double-inlet 
single  fan  ;  the  end  casings  E  B  are  connected  by  set  screws 
or  studs  to  the  opposite  halves  of  the  casing  A.  The  two 
end  fans  B  B  force  the  air  into  the  axial  inlets  of  A.  The 
casing  of  the  middle  fan  and  base  of  the  compound  fan 
integral  with  it  is  divided  into  two  symmetrical  halves  in 
a  vertical  plane  perpendicular  to  the  shaft,  and  the  two 
halves  flanged  and  bolted  together.  The  runner  of  the 
middle  fan  casing  receives  axially  the  air  compressed  to  a 
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certain  pressure  by  the  end  fans  and  discharges  it  into  the 
tangential  discharge  opening  A1,  opening  preferably  in  the 
base.     The  casings  of  the  two  outer  fans  are  made  in  two 
symmetrical  halves,  meeting  together  in  a  horizontal  plane 
containing  the  axis  of  the  shaft.     The  inner  walls  of  the 
end  casings  have  curved  webs  or  vanes  C(fig.  142,  II.),  which 
guide  the  air  forced  into  the  circumferential  space  into  the 
axial  eyes  of  the  middle  fan.     The  bearings  for  the  runner 
shaft  are  carried  by  the  lower  halves  of  the  outer  casings, 
and  the  common  hub  of  the  three  runners  is  made  in  two 
halves  meeting  together  end  to  end  at  the  middle  of  the 
inner  fan.     By   this  arrangement  a  convenient  means  of 
balancing  the  runner  is  obtained,  as  the  one  half  can  be 
partially  rotated  with  respect  to  the  other  half  when  balance 
of  the  runners  is  being  tested.     When  the  best  balance  is 
ascertained,  the  three  runners  are  secured  together  by  the 
bolting  of  the  two  halves  end  to  end.     To  prevent  the 
return  of  the  compressed  air  to  the  inlet  openings  of  any 
fan,  concentric  flanges  (shown  at?;  of  middle  fan,  fig.  142, 1), 
which   work   between   annular   concentric  flanges  on  the 
casings  and  constitute  obstructions,  are  fixed  to  the  runners. 
These  flanges  have  no  doubt  been  suggested  by  the  laby- 
rinth packing  method  of  steam  turbine  practice.     The  fan 
is  patented. 

CENTRIFUGAL  GAS  PURIFIER. 

Gases  containing  tar  or  dust  in  suspension  may  be  puri- 
fied by  being  passed  through  a  centrifugal  fan  of  special 
construction.  By  centrifugal  action  the  solid  particles  are 
flung  against  the  interior  surface  of  the  volute  and  collect 
there,  whilst  the  purified  gas  passes  to  the  discharge  duct. 
When  the  fluid  to  be  purified  holds  in  suspension  substances 
liable  to  liquefy  by  the  action  of  heat,  such  as,  for  example, 
when  treating  tar- laden  coal  gas,  a  heating  jacket  for 
de-tarring  is  provided  around  the  volute.  Since  the  fluid 
leaves  the  impeller  with  a  considerable  velocity  of  whirl,  it 
is  evident  that  there  is  a  loss  of  energy  here  unless  some 
useful  purpose  can  be  served.  In  an  ingenious  arrangement 
by  Rateau,  illustrated,  the  gases,  after  passing  over  the  fan 
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blades  B  and  through  the  volute  or  whirling  chamber  C, 
are  made  to  pass  over  the  blades  E  of  an  inward  radial 
flow  turbine  before  being  discharged,  the  fixed  guide  blades 
of  this  turbine  being  shown  at  D.  The  turbine  may  be 
fixed  on  the  same  shaft  as  the  fan,  and  its  action  reduces 
the  power  necessary  to  drive  the  fan,  or  it  may  be  fixed  on 
a  separate  shaft  running  at  a  different  speed  and  used  for 
some  external  purpose.  The  jacket  6r,  through  which 
steam  or  suitable  hot  gas  or  liquid  is  passed,  is  for  de- 
tarring,  the  water  of  condensation  in  the  casing  being  with  - 


D 


FIG.  143.— CENTRIFUGAL  GAS  PUUIFIEK,  CONSISTING  OF  A  FAN 
AND  A  TURBINE  IN  SERIES. 

drawn  through  the  outlets  A"  and  the  melted  tar  passing 
out  through  an  outlet  L,  which  should  be  immersed  in  a 
water  seal  in  order  that  the  extraction  shall  take  place 
automatically.  When  dust  is  to  be  extracted  from  the  gas, 
water  under  pressure  is  injected  into  the  fan  inlet  through 
tuyeres  M,  the  particles  of  dust  being  thus  caused  to 
agglomerate  and  then  to  be  separated  from  the  gas  in 
chamber  C  by  centrifugal  action,  the  dust-laden  water 
passing  out  through  the  opening  TV.  In  some  cases,  instead 
of  placing  fan  and  recuperation  turbine  back  to  back  as 
shown  in  fig.  143,  they  are  separated  and  the  whirling 
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chamber  C  is  thus  lengthened  in  an  axial  direction.  This 
ensures  a  more  efficient  collection  of  the  solid  matter. 
Several  of  such  units  may  be  placed  in  series.  The  inven- 
tions are  patented  by  Rateau  and  Co.,  Paris. 


FANS  FOR  DUST-LADEN  AIR. 

Centrifugal  exhaust  fans  are  commonly  used  in  works  to 
carry  away  fumes,  waste  gases,  or  dust-laden  air,  such  as 
is  produced  by  polishing  bobs  and  machinery,  and  in  other 


^ 


FIG.  144. 

parts  of  the  works  pressure  fans  or  blowers  are  employed 
for  creating  the  blast  for  blacksmiths'  hearths,  cupolas,  and 
other  furnaces.  An  economical  system  for  combining 
these  operations  has  been  suggested,  and  is  illustrated 
in  fig.  144,  which  are  side  and  front  views  of  black- 
smiths' hearths.  The  dust  laden  atmosphere,  which  for 
the  purpose  of  illustration  is  taken  as  that  above  the  hearth 
A  of  a  blacksmith's  forge,  is  first  drawn  through  the  pipe 
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B  into  the  conduit  C,  the  suction  being  produced  by  the 
fan  D,  the  eye  of  which  is  connected  through  pipe  E  to  C. 
After  passing  through  fan  D  these  gases  are  led  by  an 
enveloping  flange  F  and  curved  webs  and  vanes  G  to  the 
eye  or  inlet  opening  of  the  pressure  fan  H.  The  fumes  or 
dust-laden  air  under  pressure  in  the  casing  of  the  fan  H, 
passes  into  the  main  K,  from  which  they  may  be  taken  by 
branch  pipes  L  to  the  hearths  of  the  blacksmiths'  forges  A, 
or  to  furnaces  or  other  appliances  in  which  they  may  be 
used.  The  patentees  are  E.  Allday  and  T.  H.  Plummer. 


INDUCKD  DRAUGHT  FOR  FURNACES. 

As  an  alternative  to  natural  draught,  the  use  of  a  fan  in 
a  duct  forming  a  by-pass  to  the  chimney  is  now  common 


FIG.  145.— COMBINED  FURNACE  DRAUGHT. 

Combined  induced  and  natural  chimney  draught,  in  which  the  furnace 
outlet  is  at  some  distance  above  ground  level.  Dampers  allow  the 
gases  to  pas>  either  directly  up  the  chimney  or  be  drawn  by  a  fan. 

enough,  but  where  the  outlet  flue  is  at  some  distance  above 
ground  level  the  arrangement  is  unsuitable,  because  the 
length  of  the  requisite  ducts  becomes  excessive,  and  it  is 
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undesirable  to  mount  the  fan  at  an  elevation.  To  meet 
these  difficulties  Babcock  and  Wilcox  and  R.  Agar  have 
patented  the  arrangement  shown  in  fig.  145,  which  are 
elevations  at  right  angles  to  each  other.  The  outlet  flue  D 
from  the  furnace  diverges  as  it  meets  the  chimney,  and  two 
dampers  E  and  F  are  placed  here  in  branch  ducts  formed 
by  the  outlet  flue  walls  in  conjunction  with  angularly  dis- 
posed walls  connected  to  partition  A.  This  partition  A 
divides  the  chimney  into  two  longitudinal  chambers  B  and 
C.  Chamber  B  is  connected  by  a  short  duct  G  to  the  fan 
(H)  inlet,  the  discharge  from  which  passes  through  duct  K 
to  compartment  C  and  thence  up  the  chimney.  When 
natural  draught  is  desired  damper  F  is  closed  and  ^"opened, 
thus  passing  the  gases  directly  up  the  chimney. 

TURBINE-DRIVEN  VENTILATING  FAN. 

Various  combinations  of  fans  and  turbines  have  been 
proposed  in  which  a  single  vane-wheel  is  used  which  draws 
air  into  a  casing  in  the  direction  of  its  axis  and  is  itself 
driven  by  an  approximately  tangential  stream  of  actuating 
fluid.  Both  flat  vanes  and  curved  vanes  of  the  bucket  type 
have  been  used,  and  it  is  usual  to  arrange  the  nozzle  sup- 
plying the  actuating  fluid  and  the  conduit  through  which 
the  fan  delivers  the  stream  of  air  in  a  straight  line  with 
each  other.  The  association  of  the  fan  and  turbine  to  form 
a  single  unit  makes  the  apparatus  simple,  cheap,  and  easily 
portable.  Fig.  146  illustrates  a  form  with  curved  vanes. 
It  will  be  noticed  that  the  buckets  for  the  actuating  fluid 
are  more  numerous  than  the  fan  blades  proper.  The 
buckets  are  bent  at  their  tips  like  those  of  a  Pelton  wheel. 
The  air  sucked  into  the  casing  is  mixed  with  the  actuating 
fluid,  and  the  two  fluids  enter  the  conduit.  A  guide  G  is 
arranged  in  front  of  the  nozzle  to  retain  the  jet  in  its  path 
toward  the  vanes.  The  function  of  the  jet  is  twofold  :  (1) 
to  drive  the  wheel ;  (2)  to  create  suction  in  the  conduit. 
The  Pelton  buckets  may  extend  across  the  entire  width  of 
the  wheel,  or  across  only  part  of  it.  An  alternative  pro- 
posal, which  appears  to  be  a  good  one,  fixes  them  to  a 
separate  ring  member,  which  is  attached  to  the  wheel ;  the 
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latter  may  be  a  double  wheel  consisting  of  two  parts  side 
by  side  with  the  turbine  ring  between  them.  The  inventor, 
however,  has  missed  the  one  thing  which  undoubtedly 
would  have  made  his  invention  an  improvement  on  pre- 
vious arrangements.  To  have  separated  the  turbine  ring 
of  blades  from  the  fan  blades  by  a  disc  would  have  improved 
the  working  considerably.  With  Pelton  buckets  arranged 
in  the  mariner  proposed,  the  actuating  fluid  will,  to  a  certain 
extent,  be  driven  radially  into  the  fan  opposing  the  out- 
ward motion  of  the  air.  It  will  set  up  eddies  in  the  fan 
wheel  and  generally  disturb  the  natural  lines  of  flow ;  and 
this  will  be  very  marked  with  a  guide  vane  such  as  G 
directing  the  fluid  partly  in  a  radial  direction.  The 
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FIG.  146. — VENTILATING  FAN  DRIVEN  BY  A  STREAM  or  FLUID 
IMPINGING  ON  BUCKETS  AT  THE  PERIPHERY  OF  THE  FAN. 

efficiency  would  be  much  improved  by  attaching  the 
turbine  blades  to  the  outside  of  the  fan  wheel  disc  so  that 
the  lines  of  flow  from  the  fan  would  be  undisturbed  and 
the  suction  effect  of  the  actuating  jet  very  materially 
improved.  Moreover,  it  will  be  noticed  that  the  inventor, 
who  describes  himself  as  a  foreman,  writes  of  the  vanes 
"being  bent  at  their  tips  to  form  buckets  like  those  of  a 
Pelton  wheel."  The  buckets  are  not  fixed  on  the  wheel  in 
the  manner  usual  in  Pelton  wheels.  In  the  latter  the 
stream  of  actuating  fluid  travels  round  the  bucket  in  a 
plane  more  or  less  parallel  to  the  axis  of  the  wheel,  and 
this  arrangement  would  interfere  less  with  the  air  streams 
of  the  fan  than  the  one  proposed  in  which  the  stream  is 
directed  in  a  radial  direction  round  the  bucket  and  inwards. 
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Obviously  in  all  forms  of  these  cheap  arrangements  of 
turbine  and  fan,  however,  there  is  one  source  of  inefficiency 
which  is  difficult  to  get  rid  of.  In  nine  cases  out  of  ten 
the  actuating  fluid  would  be  steam,  and  unless  the  fan 
wheel  ran  at  a  very  high  velocity  the  turbine  would  be 
inefficient  for  two  reasons :  (1)  only  a  small  proportion  of 
the  kinetic  energy  of  the  jet  would  be  extracted  from  it ; 
(2)  the  stream  of  steam  would  be  directed  at  high  velocity 
back  by  the  buckets,  whatever  the  form  of  the  latter,  thus 
impeding  the  flow  of  air  to  a  certain  extent.  To  direct 
such  a  high  velocity  stream  inwards  as  proposed  in  this 
invention  is  to  aggravate  this  trouble,  as  will  be  more 
obvious  perhaps  on  referring  to  fig.  146,  II. ,  which  shows  an 
alternative  form  by  the  same  inventor.  No  figures  are 
available  respecting  the  results  of  experimental  tests  on 
such  combinations  of  fan  and  turbine.  No  doubt  it  will 
be  possible  to  reach  a  fairly  good  efficiency  without  com- 
plicating the  construction  unduly,  although  it  would 
appear  that  some  form  of  fixed  guide  blades  is  necessary 
to  redirect  the  stream  of  actuating  fluid  in  the  direction  of 
the  discharge  conduit  after  passing  through  the  buckets. 
Only  a  limited  number  of  these  guide  blades  fixed  to  the 
casing  would  be  necessary,  and  if  used  in  conjunction  with 
Pelton  buckets  arranged  as  suggested  a  much  more  efficient 
combination  would  result.  The  invention  illustrated  is 
patented  by  H.  Erbe,  Solingen,  Germany,  foreman 
engineer.  The  best  form  of  this  idea  appears  to  be  to 
introduce  the  steam  on  to  the  blades  at  the  side  of  the 
wheel  after  the  manner  of  the  De  Laval  turbine,  and  to 
place  a  number  of  stationary  blades  on  the  opposite  side  of 
the  wheel  to  direct  the  steam  as  it  issues  from  the  blades 
in  the  direction  of  the  discharge  duct. 

CENTRIFUGAL  COMPRESSOR  FOR  GAS. 

For  pumping  gas,  in  the  manufacture  of  illuminating 
gas  and  coke,  compressors  of  special  construction  are 
necessary  to  guard  against  danger  from  the  leakage  of  gas 
at  the  stuffing-boxes  or  packings  when  any  wear  takes 
place.  Another  serious  difficulty  is  encountered  when, 
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owing  to  failure  of  some  part  of  the  system  it  becomes 
necessary  to  pump  gas  of  high  temperature  through  the 
compressor.  This  temperature  may  be  sufficiently  great  to 
melt  babbitt  out  of  the  shaft  bearings,  thus  necessitating  a 
shut  down.  Often  it  is  imperative  to  keep  going  at  any 
cost,  so  that  the  compressor  requires  to  be  rugged  in  con- 
struction and  capable  of  withstanding  high  temperatures. 
If  repairs  must  be  made,  the  compressor  should  be  of  a 
character  to  permit  of  them  being  easily  and  quickly  made. 
Again,  the  various  conduits  carrying  steam  or  hot  gases 
expand  unequally,  and  sometimes  impose  great  stresses  on 
the  casings  of  the  machine.  To  meet  these  difficulties  the 
General  Electric  Co.,  of  New  York,  has  patented  the  form  of 
construction  illustrated  in  fig.  147.  It  is  a  radial  vaned  com- 
pressor driven  by  a  steam  turbine  of  the  Curtis  type,  all 
completely  enclosed  in  a  casing.  The  compressor  portion  1 
of  the  casing  (I.)  is  divided  in  a  vertical  plane  into  right-  and 
left-hand  sections  to  facilitate  casting  and  machining,  and 
in  particular  the  surfacing  of  the  annular  walls  of  the  gas- 
conveying  passage  immediately  surrounding  the  impeller  2. 
The  joint  between  the  casing  parts  is  carefully  machined, 
and. after  the  machine  is  completed  will  not  ordinarily  be 
disturbed.  This  portion  of  the  casing  is  also  divided  hori- 
zontally in  the  plane  of  the  shaft  into  upper  and  lower 
sections.  The  various  sections  are  flanged  and  bolted 
together.  The  lower  half  of  the  casing  instead  of  being 
supported  on  a  foundation  is  mounted  directly  on  the  gas 
inlet  conduit  3  and  the  gas  discharge  conduit  4  (III.),  both 
of  which  lie  in  a  plane  perpendicular  to  the  shaft,  are  in- 
clined to  each  other,  and  are  capable  of  yielding  laterally 
by  a  slight  amount  when  for  any  reason  the  steam  inlet 
pipe  or  the  steam  exhaust  conduit  5  expands  and  contracts. 
The  conduits  3,  4,  5,  should  be  long  enough  to  permit 
these  movements  to  take  place  without  unduly  straining 
their  supports  or  the  joints  between  them  and  the  casing. 

Impeller. — In  some  cases  the  body  of  the  impeller  6  is 
made  integral  with  the  shaft  in  order  to  insure  rigidity. 
The  vanes  are  radial  and  the  outer  portions  extend  between 
the  side  plates  7,  which  project  into  the  annular  discharge 
chamber  8.  Gas  is  admitted  to  both  sides  of  the  impeller. 
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FIG.  147.— TURBO  COMPRESSOR  FOR  GAS. 
I.,   Vertical    section    on    line    I-I    of     III.      H.,    Side    elevation. 
111.,  i^ront  view,  showing  elastic  supports.     IV.,  Section  of  left 
bearuigs,  showing  tneans  for  lubricating  the  balls. 
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Bearings. — The  left-hand  side  of  the  compressor  portion 
of  the  casing  is  provided  with  an  opening  of  suitable  size 
carefully  finished  and  a  shouldered  and  chambered  head  9 
secured  to  it.  The  outer  member  of  the  bearing  is  seated 
on  a  shoulder  formed  in  the  head.  Part  10  (IV.)  indicates 
a  spacing  device  which  engages  a  shoulder  on  the  shaft 
and  is  clamped  by  the  nut  11.  This  serves  to  position  the 
rotating  element  of  the  machine.  Access  may  be  had  to 
the  nut  by  removing  the  cap  12,  which  is  secured  pressure- 
tight  on  the  head.  Surrounding  the  spacer  is  an  oil  ring  13, 
which  conveys  oil  from  the  chamber  below  to  the  spacer, 
from  which  it  flows  through  the  downwardly  inclined 
passage  14  to  the  bearing.  The  lubricant  is  maintained  in 
the  bearing  at  a  suitable  level  by  the  dam  15,  the  excess 
being  returned  to  the  oil  chamber  by  the  passage  16. 
Between  the  chamber  in  the  head  and  the  impeller  chamber 
is  a  partition  17,  and  supported  by  this  is  a  grooved  metal 
packing  17X  of  such  character  that  it  will  not  be  injured  by 
relatively  high  temperatures.  This  packing  does  not 
normally  make  contact  with  the  shaft,  so  there  is  no  wear 
at  this  point.  It  acts  to  prevent  hot  gases  from  freely 
entering  the  bearing  chamber,  where  it  would  soon  destroy 
the  lubricant.  In  a  small  chamber  between  the  packing 
and  bearing  is  an  oil  thrower  18  of  ordinary  construction. 
The  right-hand  end  of  the  shaft  is  supported  by  a  ball  or 
roller  bearing  19  of  the  same  character  as  the  one  on  the 
left.  It  is  supported  by  a  web  20,  which  forms  an  integral 
part  of  the  turbine  portion  21  of  the  casing.  This  portion 
encloses  the  rotor  22  of  the  steam  turbine  and  is  seated 
pressure-tight  on  the  compressor  portion  of  the  casing. 
The  shaft  does  not  extend  through  the  outer  walls  of  the 
casing  at  either  end,  so  that  there  is  no  opportunity  for  gas 
or  steam  to  escape  from  the  casing,  or  for  air  to  enter.  In 
order  to  prevent  steam  from  the  turbine  portion  entering 
the  compressor  portion  a  packing  24  is  provided  composed 
of  a  number  of  rings.  Carbon  is  satisfactory  for  this  pur- 
pose, since  it  will  take  a  high  |  olish  as  the  shaft  rotates, 
will  not  cut  the  shaft  and  will  stand  relatively  high  tempera- 
tures. This  packing  is  carried  by  a  housing  25  that  has  a 
peripheral  tongue  26  fitting  pressure-tight  in  a  groove  in 
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the  partition  23,  the  latter  dividing  the  interior  of  the 
casing  into  two  principal  chambers.  This  housing  is  made 
removable  as  a  unit  with  the  shaft.  Between  the  packing 
and  the  ball  bearing  is  a  nut  27  for  clamping  the  bearing 
in  place.  This  nut  is  provided  with  a  disc  28  which  acts 
after  the  fashion  of  an  impeller  to  prevent  steam  from 
entering  the  bearing  in  case  of  leakage  by  driving  it  out- 
wards. On  the  left-hand  end  of  the  bearing  19  and  mounted 
on  the  shaft  is  a  packing  29  similar  to  the  one  previously 
described  for  preventing  the  gas  from  working  into  the 
lubricant. 

Facilities  for  Repair. — To  make  a  quick  repair  the  bolts 
holding  the  upper  and  lower  sections  of  the  casing  are 
removed,  and  also  the  bolts  securing  the  bearing  cap  12. 
'\  he  upper  casing  section  can  then  be  removed  as  a  unit. 
After  the  casing  section  is  removed  the  bolts  holding  the 
cap  of  the  bearing  19  are  removed,  then  the  rotating  struc- 
ture, together  with  its  bearings  and  packings,  can  be  lifted 
out  as  a  unit  and  another  structure  put  in  its  place. 

Turbine. — The  rotor  is  of  the  Curtis  type,  with  two  rows 
of  buckets  and  a  segmental  row  of  intermediates.  The 
rotor  is  fitted  to  the  tapered  end  of  the  shaft  and  is  held  in 
place  by  a  nut.  Since  the  shaft  is  totally  enclosed  by  the 
casing,  it  is  necessary  to  use  a  governing  mechanism  that 
is  responsive  to  changes  in  the  rate  of  flow  of  the  fluid 
through  one  of  the  conduits  of  the  compressor.  Such  a 
fluid  connection  between  the  compressor  and  its  governor 
can  never  be  as  efficient  and  reliable  as  a  rigid  connection, 
but  this  is  unavoidable  unless  one  essential  feature  of  the 
machine  is  to  be  lost  by  introducing  fluid-tight  packings 
for  a  governor  shaft. 

HIGH-PRESSURE  CENTRIFUGAL  COMPRESSOR. 

METHODS  OF  CONSTRUCTION. — To  pump  air  against  a 
pressure  of  30  Ib.  or  40  Ib.  per  sq.  in.  by  centrifugal  action, 
the  air  requires  to  be  passed  through  a  number  of  wheels 
in  succession,  which  are  rotated  at  speeds  as  high  as  3,000 
to  4,000  rev.  per  min.  Centrifugal  stresses  at  those  speeds  are 
so  high  that  special  means  to  insure  safety  are  necessary. 
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The  blades  are  usually  made  radial  in  order  to  avoid  the 
bending  stresses  due  to  curvature.  In  order  to  allow  the 
shaft  to  "  whip  "  slightly  without  weakening  the  attach- 
ments, special  means  have  to  be  taken  to  insure  a  small 
amount  of  free  sliding  action  at  certain  points.  The  various 
rotating  parts  must  be  accurately  balanced. 

As  the  air  leaves  the  impellers  at  high  velocity  it  is 
necessary  to  gradually  convert  the  kinetic  energy  to 
pressure  energy — as  first  suggested  by  Professor  Osborne 
Reynolds — by  passing  the  air  through  gradually  expanding 
passages.  Vanes  that  are  radial  at  outlet  are  not  quite  as 
mechanically  efficient  as  backward-turned  vanes,  and  this 
supplies  a  further  reason  for  the  use  of  divergent  passages 
at  outlet.  Radial  vanes  which  are  continued  straight  to 
the  inlet  would  be  very  inefficient,  as  it  is  necessary  to 
curve  them  at  the  inlet  to  suit  the  relative  velocity  of  the 
air  to  the  vane  at  this  point.  Some  makers  divide  the 
vane  into  two  parts,  making  the  larger  external  part 
straight  and  radial — a  form  that  can  be  readily  machined 
— and  attaching  to  this  a  curved  but  radial  portion  at  the 
inlet,  which,  being  small,  can  also  be  readily  machined. 
An  example  of  recent  construction  in  high -pressure  com- 
pressors is  illustrated  in  figs.  148,  148A,  I.- VI I.  Referring 
to  I.  and  II. ,  the  air  suction  is  shown  at  2  ;  after  passing  over 
the  first  two  impellers  13  and  14  (I.),  the  air  is  discharged 
through  the  divergent  passages  11  (II.)  to  the  space  17, 
where  it  divides,  part  passing  along  channel  18  to  the 
right  eye  of  the  next  wheel,  and  the  remainder  along 
passage  19  to  the  left  eye  of  the  same  wheel. 

Construction  of  Casing. — The  casing  is  divided  into  an 
upper  and  lower  part,  bolted  together  in  an  axial  plane. 
The  head  1  (I.)  is  integral  with  the  inlet  conduit  '2.  Closely 
surrounding  the  shaft  is  an  annular  member  3  that  forms  a 
continuation  of  the  inlet  conduit.  This  member  is  divided 
into  upper  and  lower,  parts,  and  permits  the  removal  of  the 
head  1  without  disturbing  the  shaft  coupling  which  is 
enclosed  in  the  guard  or  housing  4.  The  diameter  of  the 
bore  of  the  head  is  greater  than  the  diameter  of  the  coupling. 
The  guard  is  made  of  sheet  metal  formed  into  a  cylinder 
and  fastened  by  strips  5.  Within  the  casing  are  dia- 


HIGH-PRESSURE   CENTRIFUGAL  COMPRESSOR          279 

phragms  6  seated  in  suitable  shoulders  7  formed  on  the 
inside  of  the  casing.  The  diaphragms  are  provided  with 
shoulders  8  to  receive  the  plates  9  and  10,  between  which 
are  secured  the  discharge  vanes  11. 

Construction  of  Impellers.  —The  impeller  is  provided  with 
vanes  13  and  14  (I.),  which  are  strictly  radial  and  integral 
with  the  body  12.  The  impeller  is  divided  into  two  parts 
(see  V.),  which  are  finished  on  their  opposite  faces  and 
shouldered  (VI.)  to  insure  proper  fitting.  In  assembling 
these  parts,  the  female  member  of  the  impeller  is  expanded 
by  heating  and  then  allowed  to  shrink  on  the  shoulder 
projection  of  the  other  member.  The  parts  are  then  united 
by  set  screws.  In  order  to  direct  the  air  into  the  channels 
or  passages  between  the  impeller  vanes  at  the  proper  angle, 
curved  inlet  or  guide  vanes  15  and  16  are  provided,  which 
rotate  with  the  impeller.  These  vanes  are  carried  by  a 
cast  metal  support  21  (III.),  which  is  slipped  over  the  hub 
portion  of  the  impeller  body.  Each  of  these  vanes  is  pro- 
vided with  a  pair  of  lugs  22,  which  engage  opposite  sides 
of  an  impeller  (II.  and  III.)  and  prevent  the  outer  ends  from 
moving  out  of  their  proper  position.  These  small  inlet 
vanes,  though  curved,  are  strictly  radial,  so  that  there  is 
no  tendency  to  fold  over  under  centrifugal  action. 

Method  of  Fixing  Impeller  to  Shaft. — The  support  21 
carrying  the  inlet  vanes  is  slipped  over  the  hub  23  of  the 
impeller,  and  is  secured  in  place  by  a  locking  ring  24  (III.). 
This  ring  is  provided  with  an  internal  shoulder  25  that 
is  seated  in  a  groove  formed  in  the  hub.  The  ring  is 
shrunk  on  ;  the  shoulder  not  being  deeper  than  TTjVo  in-  or 
y^j.  in.  Formed  in  the  bore  of  the  impeller  are  grooves 
26  (V.),  each  containing  a  split  ring,  preferably  of  hard 
non-rusting  metal  of  high  crushing  strength.  The  grooves 
are  slightly  dovetailed  and  the  rings  are  rolled  into  the 
grooves  under  high  pressure  which  forces  the  metal  under 
the  overhanging  walls  of  the  groove.  After  the  rings  are 
forced  in  place,  they  are  machined  to  a  diameter  about 
0'012  in.  smaller  than  the  diameter  of  the  shaft.  The 
impellers  are  then  forced  endwise  on  the  shaft  under 
pressure  and  prevented  from  rotating  by  the  key  27  and 
rings  in  26.  By  these  means  the  metal  of  the  impeller  is 
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put  under  radial  compression,  which  varies  from  the  centre 
outwards,  the  idea  being  that  when  the  centrifugal  tensile 
stresses  are  induced  the  resultant  stress  will  be  so  small 
that  very  little  increase  in  diameter  ensues.  Mounted  on 
the  shaft  are  sleeves  28 — made  of  some  non-rusting  metal 
—which  fit  inside  the  ends  of  the  hubs  of  the  impeller  (V.). 
The  bore  of  the  hub  is  0-002  in.  in  diameter  less  than  the 
external  diameter  of  the  sleeve,  and  so  forms  a  compres- 
sion fit.  Surrounding  the  end  of  the  hub  is  the  shrunk 
ring  24  (III.),  which,  in  addition  to  preventing  the  inlet 
vanes  from  moving  axially,  serves  to  hold  down  the 
stretching  effect  of  the  end  of  the  hub — a  T1^  in.  to 
T-^-Q  in.  fit  is  found  be>t  for  this.  In  order  to  permit  a 
little  axial  movement  between  the  impeller  and  its  shaft, 
and  so  avoid  the  impactive  stresses  which  would  otherwise 
come  on  the  impeller  when  the  shaft  whipped,  it  is  neces- 
sary to  have  approximately  a  sliding  fit  between  the 
impeller  and  shaft.  To  this  end  the  hub  is  slotted  at 

29  (V.),  so  that,  in  effect,  a  ring  29  x  is  formed,  which  is 
connected  to  the  hub  proper.     By  reason  of  the  slot  29 
(VII.)  the  ring  29  x   is  relieved  of  tangential  stresses,  so 
that   its   diameter   will  not  be   perceptibly   increased  by 
centrifugal  forces  in  the  hub,   but  will  retain  as   nearly 
as   possible   its   original   diameter    and    thereby    form   a 
support  with  a  constant  degree  of  tightness  on  the  shaft. 

Construction  of  Discharge  Vanes. — The  discharge  vanes 
11  (I.  and  II.)  are  made  of  heavy  sheet  stock  and  are 
U  shaped  in  cross-section.  The  down-turned  sides  of  each 
vane  are  united  by  bolts,  screws,  or  rivets  to  the  side 
plates  9  and  10.  The  side  portions  of  one  vane  follow 
at  their  edges  the  shape  of  the  adjacent  vane,  and 
preferably  rest  on  that  vane  so  as  to  form  good  passages 
and  also  give  support.  The  vanes  are  stiffened  at  their 
inlet  ends  by  rivets  20.  The  spaces  8  between  the  walls 
of  the  impeller  may  be  used  for  circulating  cooling  water. 

Packing — In  order  to  space  the  impellers  on  the  shaft, 
cylindrical  members  30  are  provided  that  have  internal 
shoulders  which  engage  the  sleeves  28  (V.)  and  so  prevent 
axial  movement.  The  periphery  of  the  cylindrical  member 

30  is  provided  with  projections  31  that  extend  between 
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corresponding  projections  on  cylinder  32 — bolted  to  the 
diaphragm — and  thus  form  a  labyrinth  packing  to  prevent 
the  passage  of  air  from  one  chamber  to  another  along  the 
shaft. 

Balancing. — Although  each  of  the  impellers  is  carefully 
balanced  either  statically  or  dynamically,  it  sometimes 
happens  that  when  they  are  all  assembled  on  the  shaft 
the  machine  is  out  of  balance  as  a  whole,  and  in  order  to 
permit  of  balancing  without  taking  off  the  top  part  of  the 
casing,  openings  filled  by  removable  plugs  as  34  (V.)  and 
33  (I.)  are  provided  in  the  ends  of  the  casing.  By  taking 
out  these  plugs,  access  can  be  had  to  the  body  of  the 
impeller  and  metal  added  or  taken  away  as  desired.  This 
method  of  construction  is  patented  by  the  General  Electric 
Co.,  of  New  York. 

CENTRIFUGAL  AIR  COMPRESSORS. 

Surging  Effects. — The  surging  or  pulsating  of  the  air  in  a 
centrifugal  air  compressor  may  be  due  to  two  quite  distinct 
causes.  The  cause  which  is  more  easy  to  comprehend  and 
to  guard  against  is  that  of  working  against  a  fluctuating 
head,  such  as  a  blast  furnace,  in  which  the  resistance 
occasioned  by  the  charges  of  fuel,  ore.  and  flux  varies  con- 
siderably from  time  to  time.  In  such  cases,  when  the  flow 
is  retarded,  the  air  is  liable  to  accumulate  in  the  delivery 
conduit  of  the  compressor  until  its  pressure  rises  so  high 
as  to  cause  a  backward  rush  in  the  conduit,  to  be  succeeded 
by  a  forward  rush  to  restore  the  lost  pressure.  The  surging 
sometimes  becomes  so  violent  as  to  endanger  the  apparatus. 
In  order  to  reduce  these  surging  effects  the  New  York 
General  Electric  Co.7  place  a  sheet  metal  nozzle  A  (fig.  149, 
I.)  in  the  conduit,  preferably  the  intake  pipe  of  the  com- 
pressor. This  permits  the  air  to  flow  freely  into  the 
machine,  but  any  reverse  flow  is  throttled  at  the  nozzle. 
The  smaller  end  of  the  nozzle  points  toward  the  com- 
pressor, and  its  diameter  is  from  one-third  to  one-quarter 
that  of  the  conduit.  In  the  flange  B  are  several  ports  (7, 
which  are  controlled  by  an  annular  damper  D  having  ports 
which  are  adapted  to  be  brought  in  or  out  of  registration 
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FIG.  149. — SURGING  IN  AIR  COMPRESSORS. 

I.,  Sheet  metal  nozzle  in  intake  to  prevent  surging.  II.,  Diagram  of 
pressure  and  volume  relation.  III.,  Weathercock  guide  vanes 
self-adjusting  to  the  direction  of  flow. 

with  the  ports  in  the  flange.    These  ports  serve  to  regulate 
the  flow  somewhat. 

The  second  cause  is  neither  so  easy  to  understand  nor  to 
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deal  with.  The  surging  or  puffing  in  this  case  arises  from 
a  peculiar  instability  of  the  flow  on  light  loads,  an  in- 
stability which  is  particularly  noticeable  in  turbine  pumps 
for  water24  and  centrifugal  compressors  with  discharge 
vanes  for  air.  If  a  curve  be  drawn  showing  the  pressures 
generated  at  a  certain  speed  by  such  a  centrifugal  machine 


FIG.  149A.— SURGING  IN  Aiu  COMPRESSORS. 
IV.,  Stability  throttle  valve  for  compressor  inlet. 

as  ordinates  for  different  volumes  of  fluid  delivered  as 
abscissae  it  will  be  found  that  as  the  volume  increases  the 
pressure  also  increases  at  the  commencement  to  some  point 
F  (fig.  149,  II  ).  Beyond  this  point  the  pressure  gradually 
decreases  for  further  increased  flow.  Now,  it  will  be 
noticed  that  at  any  part  of  the  curve  above  the  points  A  K 
a  horizontal  line  C  JL>  corresponding  to  a  certain  pressure 
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will  cut  the  curve  in  two  points  C  and  D  corresponding  to 
two  quite  different  flows  L  E  and  L  H  respectively.  When 
the  compressor  is  working,  therefore,  at  a  certain  speed 
against  this  particular  pressure  the  flow  of  fluid  through 
it  may  be  either  L  E  or  L  H.  The  flow  is  ambiguous,  and 
consequently  unstable.  It  may  change  from  one  to  the 
other  at  its  own  pleasure,  and  this  fickleness  leads  to 
surgings  or  pulsations  when  working  on  this  part  of  the 
load.  In  seeking  for  a  remedy  it  is  best  to  study  the 
reason  of  this  up-and-down  variation  of  the  flow.  At  a 
certain  speed  of  running  the  blade  of  a  compressor  or 
turbine  pump  gives  a  definite  amount  of  energy  to  the 
working  fluid,  partly  as  pressure  and  partly  as  kinetic 
energy.  Now,  the  kinetic  energy  to  be  of  use  must  be 
largely  converted  into  pressure  energy  by  passing  through 
the  diverging  discharge  vanes.  The  vanes  are  set  at  an 
angle  to  suit  a  given  direction  of  discharge  from  the 
impeller — that  is,  to  suit  a  given  flow,  so  that,  if  the  flow 
is  not  suitable,  a  certain  amount  of  kinetic  energy  is  lost  in 
eddies.  The  fluid  molecules  are  thrown  hither  and  thither 
and  career  around  each  other  in  little  circular  paths.  This 
frittering  away  of  energy  may  be  as  serious  at  too  low  as 
at  too  high  a  discharge,  hence  the  shape  of  the  pressure 
volume  curve.  Obviously  the  correct  remedy  would  be  to 
vary  either  the  outlet  angle  of  the  impeller  or  the  inlet 
angle  of  the  discharge  vanes  to  suit  each  flow.  The 
maximum  pressure  would  then  occur  at  or  near  the  zero 
discharge  line;  it  would  probably  be  a  little  distance  to 
the  left  unless  the  inlet  angle  of  the  impeller  were  made 
to  suit  a  low  discharge.  T.  H.  C.  Homersham  has  pro- 
posed25 floating  discharge  vanes  which  automatically  adjust 
themselves  to  the  direction  of  flow  as  a  weathercock  takes 
the  direction  of  the  wind.  In  the  illustration  (fig.  149, 
III.)  the  straight  guide  blades  A  are  mounted  by  means  of 
a  pin  B  in  an  annulus  C,  which  anuulus  is  mounted  in  the 
frame.  About  this  annulus  a  floating  ring  or  annulus  D  is 
mounted,  which  bears  by  means  of  antifriction  devices  in 
the  framework.  This  floating  annulus  carries  small 
pivotal  pins  E  having  saw  cuts  in  their  heads,  into  which 
the  edges  of  the  guide  blades  enter.  The  floating  annulus 
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D  is  free  to  move  in  a  circumferential  direction.  A  special 
device  is  arranged  so  that  the  attendant  may  hold  the 
guide  vanes  in  any  desired  position  or  may  assure  himself 
of  the  freedom  of  the  floating  ring. 

A  method26  proposed  by  the  General  Electric  Co.,  of 
New  York,  to  abolish  this  instability  is  to  throttle  the  flow 
of  air  preferably  at  the  intake  to  the  compressor.  The 
instability  is  due  to  the  upward  trend  of  the  pressure  curve 
on  light  loads,  and  the  idea  is  to  introduce  such  resistance 
— and,  therefore,  loss  of  pressure — at  the  inlet  that  the 
increase  in  pressure  due  to  the  better  conditions  in  the 
compressor  on  increased  flow  is  slightly  more  than  neutral- 
ised by  this  loss.  The  curve  then  takes  a  downward 
direction,  as  indicated  by  the  dotted  line  A  B  (fig.  149,  II.). 
At  no  pressure  under  these  conditions  are  there  two  possible 
flows,  and  therefore  there  is  no  instability.  It  is  plain, 
however,  that  the  remedy  is  a  somewhat  wasteful  one. 
The  method  of  throttling  the  intake  is  shown  in  fig.  149A,  IV. 
The  intake  A  of  the  compressor  B  is  provided  with  a  throttle 
valve  C,  mounted  on  a  stem,  which  has  at  its  lower  end  a 
dashpot.  The  valve  is  a  disc  located  in  an  inverted  frusto- 
conical  section  of  the  intake,  so  that  as  it  rises  and  falls  it 
enlarges  and  diminishes  the  annular  opening  between  its 
periphery  and  the  wall  of  the  section.  The  stem  passes  up 
through  the  top  of  the  elbow  in  the  intake  pipe  and  carries 
a  cam  />,  whose  back  is  parallel  with  the  stem  and  bears 
against  light  guide  rollers  A  lever  having  two  arms  at 
right  angles  is  pivoted  to  the  upper  end  of  the  standard. 
The  vertical  arm  carries  a  roller  bearing  on  the  cam.  A 
weight  W  is  adjustable  along  the  horizontal  arm.  With 
an  increase  in  volume  of  air  passing  through  the  intake  the 
valve  rises  and  the  cam  tilts  the  lever,  throwing  the  arm 
with  the  load  upward,  and  thereby  shortening  the  effective 
distance  of  the  weight  W  from  the  pivot.  It  is  hoped  by 
some  such  arrangement  to  be  able  to  produce  just  the 
amount  of  throttling  necessary  for  any  given  flow.  The 
loss  of  pressure  necessary  varies  from  zero  at  the  outset  to 
a  maximum,  and  then  reduces  again  to  zero.  The  vertical 
part  of  the  acting  face  of  the  cam  allows  the  valve  to  lift 
against  practically  no  load  at  the  commencement,  and  the 
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throttling  action  is  therefore  small.  With  increased  flow 
the  curved  part  of  the  cam  face  comes  into  action  gradually, 
increasing  the  resistance  to  the  motion  of  the  valve  under 
the  bombardment  of  the  inrushing  air  molecules.  The 
throttling  action  is  thus  increased,  for  it  must  be  remem- 
bered that  the  increased  flow  requires  a  larger  valve  open- 
ing, and  the  loss  of  pressure  is  proportional  to  the  square 
of  the  increased  velocity  due  to  any  deficiency  in  valve 
opening.  As  the  flow  increases  further  the  gradually 
diminishing  leverage  of  the  weight  /Fonce  again  reduces 
the  resistance  to  the  upward  motion  of  the  valve. 

The  exact  shape  of  the  cam  face  is,  however,  a  matter 
for  experimental  determination.  It  cannot  be  obtained 
theoretically,  as  suggested  by  the  patentees  in  their  specifi- 
cation, without  much  experimental  data  on  the  resistance 
and  throttling  action  of  such  valves.  It  is  obvious,  for 
instance,  that  if  the  amount  of  throttling  necessary  for 
point  C  (fig.  149,  II.)  has  been  determined  and  applied,  the 
air  then  supplied  to  the  compressor  is  in  a  more  or  less 
disturbed  state  and  the  characteristic  pressure-volume  curve 
for  air  in  this  condition  would  be  somewhat  different  to 
the  curve  A  C  F.  So  that  for  any  small  increase  in  the 
flow  8  v  the  increase  in  pressure  8  p  might  be  quite  different 
to  that  obtained  from  a  tangent  to  the  curve  A  C  F. 

COMPRESSORS  WITH  INCLINKD  STRAIGHT  BLADES. 

Straight  blades  for  compressors  are  cheaper  and  easier 
to  manufacture  than  curved  ones,  but  radial  straight  blades 
cannot  make  the  proper  angle  at  inlet.  It  is  necessary  to 
incline  the  blades  in  order  to  secure  the  proper  inlet  angle. 
Straight  blades  have  already  been  used  in  compressors,  but 
in  this  case  the  faces  of  the  rotor  destined  to  receive  the 
blades  had  to  be  straight.  Curved  rotor  faces,  however, 
have  the  advantage  over  straight  faces  of  forming  a  better 
guide  for  the  air  and  of  enabling  a  more  favourable  shape 
to  be  given  to  the  rotor  to  counteract  strains,  and  more 
particularly  to  avoid  the  bending  strains  which  are  liable 
to  occur  in  rotors  with  one-sided  admission.  By  the  rota- 
tion of  a  straight  line  about  an  axis,  without  changing  its 
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inclined  position  with  regard  to  that  axis,  a  hyperboloid  is 
produced,  so  that,  if  the  rotor  faces  are  hyperboloids  gene- 
rated by  the  revolution  of  the  two  straight  but  inclined 
sides  of  the  blades  about  the  axis  of  the  wheel,  it  will  be 
possible  to  rivet  the  angular  or  T-shaped  section  blades  b  to 
the  rotor  a,  as  shown  in  fig.  150,  II.  The  line  of  contact 
of  rotor  face  and  blade  edge  is  a  straight  line.  The  blades 
need  not  all  have  the  same  length,  although  as  regards  the 
axis  they  must  all  have  the  same  direction.  The  rear  face 


FIG.  150. — INCLINED  STRAIGHT  BLADES. 

of  the  rotor  may  likewise  receive  the  form  of  a  hyperboloid. 
The  turner  will  be  provided  with  a  gauge  corresponding  to 
the  sectional  face  Z  Z  of  fig.  150,  I.  of  the  hyperboloid. 
This  proposal  has  been  patented  by  Escher  Wyss  and  Co., 
of  Zurich. 

To  draw  Rotor  Profile. — To  draw  the  shape  of  an  axial 
section  of  the  rotor  face — for  the  turner's  gauge — let  a1  bl 
and  a  b — fig.  151,  III. — be  the  elevation  and  plan,  respec- 
tively, of  the  straight  side  of  a  blade  inclined  to  the  axis  of 
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the  wheel — shown  in  plan  by  k  a.  Draw  A  B  — fig.  151, 
IV. — equal  in  length  to  k  a — fig.  151,  III. — to  show  the 
thickness  of  the  rotor.  Make  A  L  and  B  S  perpendicular 
to  A  B— fig.  151,  IV. — equal  respectively  to  k  a1  and  k  b1 
— fig.  151,  III.  ;  then  L  and  S  are  two  points  on  the 
rotor  profile.  To  obtain  intermediate  points,  mark  the 
positions  of  any  three  points  1,  2,  3,  along  k  a — fig.  151, 


FIG.  151. — METHOD  OF  DHAWING  THE  HYPERBOIDAL  FACE  OF  THE 
ROTOll  OF  A  COMPRESSOR  WITH  STRAIGHT  BLADES. 

III. — and  draw  horizontal  lines  Ic,  2d,  3e,  to  meet  a  b  in 
the  points  c,  d,  e  respectively.  Draw  vertical  lines  cc1,  dd1, 
ee1  to  meet  a1  b1  in  the  points  c1,  d\  el  respectively.  In 
fig.  151,  IV.  make  A  C,  C  D,  D  E,  E  B  equal  respectively 
to  al,  12,  23,  3k,  of  fig.  151,  III.  Draw  vertical  lines 
through  these  points,  and  make  C  M ,  D  TV,  E  R  equal 
respectively  to  k  c1,  k  dl,  and  k  £  of  fig.  151,  III.  Then 
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the  curve  S  B  N  M  L  through  these  points  is  the  one 
required.  Note  that  the  lengths  k  a\  k  e1,  k  dl,  k  e\  k  bl 
are  the  true  lengths  of  lines  drawn  through  the  several 
points  of  the  generating  line,  and  perpendicular  to  the  axis 
of  revolution ;  consequently,  they  represent  the  radii  of 
the  curve  at  these  points. 

The  curve  P  Q  for  the  rear  face  of  the  rotor  may  be 
obtained  in  an  exactly  similar  manner.  Let  the  axial 
width  of  blade  Q  S — fig.  151,  IV. — at  outlet  be  less  than 
the  width  P  L  at  inlet.  Make  k3  or  b  g — fig.  151,  III. — 
in  plan  equal  to  Q  S — fig.  151,  IV. — and  p  a — fig.  151, 
III. — equal  to  V  A — fig.  151,  IV.  Assuming  that  the 
inlet  and  outlet  circles  of  revolution  are  equal  to  those  of 
the  front  face,  and  that  the  planes  of  the  blades  are  parallel 
to  the  axis  of  revolution,  then  a1  bl  is  the  elevation  of  p  q  as 
well  as  a  b — fig.  151,  III. — and  the  shape  is  obtained  by 
projection  from  a1  b1  as  in  the  last  case.  The  vertical  lines 
from  the  intermediate  points — fig.  151,  III. — lie  a  little  to 
the  right  of  the  verticals  ccl,  dd1,  eel.  It  will  be  noticed 
that  inclined  straight  blades  cut  the  inner  and  outer  circles 
in  such  a  manner  as  to  make  the  angle  at  inlet  Y — fig.  150, 
II. — between  the  blade  and  the  radius  greater  than  the 
same  angle  at  outlet. .  For  compressors  running  at  high 
speeds  it  is  necessary  that  this  angle  at  inlet  should  be 
large,  but  it  is  not  at  all  necessary  that  the  outlet  angle 
should  be  large ;  in  fact,  in  many  cases  the  blade  is  made 
radial  at  outlet.  It  has  already  been  demonstrated  that 
in  fans  and  compressors  the  curving  back  of  the  blade  at 
outlet,  regarded  as  so  essential  to  efficiency  in  centrifugal 
pumps,  secures  only  a  trivial  increase  in  mechanical  efficiency 
-at  the  expense  of  a  real  loss  of  manometric  efficiency. 
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the  Rotor  of  a,  (fig.  151)  290. 
Compressors,  Centrifugal  Air,  283. 
Fans  and,  Recent  Practice,  258. 
Surging  in  Air,  (fig.  149)  284,  (fig. 

149a)  285. 

Condition  for  Maximum  Gain  of  Pres- 
sure Head,  8. 

for  Minimum  Loss  of  Head  due  to 
a  Sudden  Change  in  the  Direc- 
tion of  Motion,  7. 
Congres   International  de    Mecaniquc 

Applique,  292. 
Conservation  of  Energy,  The,  1. 

to  an  Incompressible  Fluid  in 
Motion,  Application  of  the 
Law  of,  2. 

Consolidation  Mines,  Westphalia,  126. 
Constant  Volume,  Reason  for  treating 
Air  as  if  it  had  3. 
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Construction,  Methods  of,  277. 
of  Casing,  278. 
of  Centrifugal  Fans,  266. 
of  Centrifugal  Fluid  Pumps,  261. 
of  Discharge  Vanes,  282. 
of  Impellers,  279. 
of  Vanes,  Geometrical,  Cfig.  15)  51. 
Contracted    Inlet,    Exhausting,    with 

Disc,  (fig.  126)  240. 
Outlet,  Circulating,  without  Disc, 

(fig.  127)  240. 
Propelling,    with    Disc,    (fig. 

125)  240. 

Cossall  Colliery,  160. 
Cost    and     Service    of    (Dimensions) 
Capell  Fans,  (Table  16)  116. 
Guibal  Fans,  (Table  14)  114. 
Rateau  Fans,  (Table  17)117. 
Ser  Fans,  (Table  15)  115. 
Crosby  Indicators,  121. 
Curtis,  277. 
Curvatures  of  Blades  in  Fan,  Figs.  119 

and  120,  (fig.  124)  238. 
Curve  for  Fan  with  Tapering  Sides, 

(fig.  27)  75. 
with  12-In.  Centre  Diameter, 

(fig.  28)  75. 
Curves,  (fig.  103)  196. 

for  Mine  Fans,  Characteristic,  (figs. 
30  and  31)  78,  (figs.  32  and  33)  79, 
(figs.  34  and  35)  80,  (fig.  36)  81. 
for  Rateau  Fans,    Characteristic, 
(fig.  19)  64. 

Dalton's  Law,  13. 

De  Laval  Turbine,  273. 

Delivery  Air  Tube,  (figs.  114  and  115) 

226. 

Tube,  Fan,  (fig.  21)  67. 
Design,  Improvements  in  Fan,  258. 
of  Mixed  Flow  Fans,  46. 
of  Radial  Flow  Fans,  40. 
Designed    Electric    Motor,   Fan    with 

Specially,  (figs.  122  and  123)  238. 
Destroyer,  Torpedo -Boat,  Fan  for,  265. 
Determination  of  Head  from  the  Water 
Gauge,  and  the  Calculation  of  Air 
Density  for  a  Given  Humidity,  13. 
Development    and    Transmission     of 

Power,  5. 

of  a  Screw,  (fig.  11)  46. 
Diagrams,  Efficiency  Gauge  and  Power, 

(figs.  23  and  24)  72,  (fig.  25)  73. 
for   Propeller  Fan,   Velocity,  (fig. 

109)  204. 

Diameter,  Characteristic  Curve  for  Fan 
with  12-Inch  Centre,  (fig.  28) 
75. 

of  Vanes,  Extreme  Test  of  an  Axial 
or  Screw  Fan  of  a  Type  Similar 
to  that  shown  in  Fig.  135,  of  4 '69 
Ft.  Extreme,  251. 

Diametral  Fan,  Mortier,  (fig.  70)  150. 
Experiments,  Mortier,  151. 


Diffuser  and  Volute,  Theory  of  the,  55. 
only,     Rateau     Fan    Test    with, 

(Table  18)  118. 
Dimensions,  Cost,  and  Service,  of  Capell 

Fans,  (Table  16)  116. 
of  Guihal  Fans,  (Table  14) 

114. 
of  Rateau  Fans,  (Table  17) 

117. 
of    Ser    Fans,   (Table    15) 

115. 
Disc,   Contracted    Inlet,   Exhausting, 

with,  (fig.  126)  240. 
Outlet,   Circulating,  without, 

(fig.  127)  240. 
Propelling,  with,  (fig.  125) 

240. 

Friction,  Work  expended  in,  171. 
Discharge  Vanes,  Construction  of,  282. 
Direction,  Loss  of  Head  due  to  Change 

in  Velocity  without  Change  in,  9. 
Donkin,  Bryan,  40,  83,  86,  88,  89,  93, 

101,  102,  183. 

Donkin's  Best  Experiment  on  Each  of 
the  Eleven  Types  of  Fan,  (Table  8) 
91. 

Bryan,    Experiments,    (Table    37) 
178,  (Tables  38  and  39)  179, 
(Table  40)  180,  (Table  41)  181. 
Pressure -measuring     Appara- 
tus, (fig.  46)  89. 
Experiments,  Fan  No.  1,  (Table  7) 

90. 

Formulae  used,  102. 
The  Eleven  Types  of  Fan  used 

in,  94. 

Experimental  Apparatus,  88. 
Tests,  Efficiencies  of  Fans,  (figs.  48 

and  49)  100,  (fig.  50)  101. 
Dortmund    Fan.      See    under    Pelzer 

Dortmund. 
Double    Inlet    Forced    Draught    Fan, 

(figs.  86  and  87)  164. 
Draught,  Combined  Furnace,  (fig.  145) 

270. 
Fan,  Double  Inlet  Forced,  (figs.  86 

and  87)  164. 

for  Furnaces,  Induced,  270. 
Drawing  the  Hyperboidal  Face  of  the 
Rotor  of  a  Compressor  with  Straight 
Blades,  Method  of,  (fig.  151)  290. 
Drive,  Arrangement  of  Electric,  (figs. 

Ill  and  112)  226. 
"Du  Calcul  des  Ventilateurs,"  by  M. 

Lelong,  292. 
"  Du  Chayla,"  143. 

Fan  for  the,  (fig.  62)  145. 
Dust-laden  Air,  Fans  for,  269. 
Dyuamometric  Brake,  (fig.  113)  226. 

Effects,  Surging,  283. 

Efficiencies  in  Terms  of  <$>,  Equation  for 

finding    the    Manometric    and 

Mechanical,  23. 
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Efficiencies  of  Fans,  Donkin's  Tests, 

(figs.  48  and  49)  100,  (fig.  50)  101. 

of  the  Parkend  Mine  Fan,  Mano- 

metric,  (Table  42)  182. 
Efficiency,  Gauge  and  Power  Diagrams, 

(figs.  23  and  24)  72,  (fig.  25)  73. 
of  a  Kley  Fan,  (Table  32)  155. 
Valuation  of  Manometric  and  Air, 
(Table  2)  35,  (Table  3)  36,  (Table 
4)37. 

Volumetric,  39. 
Egypt,  Khatatbeh,  191. 
Electric  Drive,  Arrangement  of,  (figs. 

Ill  and  112)  226. 
Motor,   Fan    with    Specially    De- 

signed, (figs.  122  and  123)  238. 
Elevation  of  Fan  Blades,  (figs.  43  and 

44)  87. 
Eleven  Types  of  Fan  used  in  Donkin's 

Experiments,  94. 
Energy,  The  Conservation  of,  1. 

or  Head  while  passing  through  the 

Fan,  Losses  of,  19. 
to    an    Incompressible    Fluid    in 
Motion,  Application  of  the  Law 
of  Conservation  of,  2. 
Equations  for  finding  the  Manometric 
and  Mechanical  Efficiencies  in  Terms 
of  <f>,  23. 

Erbe,  H.,  Solingen,  Germany,  273. 
Escher  Wyss  and  Co.,  of  Zurich,  289. 
Exercises,  Kley  Fan,  153. 
Exhausting,    with    Disc,    Contracted 

Inlet,  (fig.  126)  240. 
Experiment,      Comparison     between 

Theory  and,  177. 

on  Each  of  the  Eleven  Types  of 
Fan,  Donkin's  Best,  (Table  8) 
91. 

Experimental  Apparatus,  Donkin's,  88. 
Fan,  (fig.  69)  149 
Readings  at   600  Rev.  per  Min., 

(fig.  116)  232. 

Experiments,  Bryan  Donkin's,  (Table 
37)  178,  (Tables  38  and  39)  179, 
(Table  40)  ISO,  (Table  41)  181. 
Bumpstead    and    Chandler    Fan, 

158,  (Table  34)  159. 
Fan   Blades    in    W. 

(fig.  110)  225. 
Fan  No.  1,  Donkin's,  (Table  7)  90. 
Formulas  used  in  Donkin's,  102. 
Hirn's,  199. 

Mortier's  Diametral  Fan,  151. 
Open-running  Fan,  137. 
Rateau  Fan,  (Table  23)  125. 
8er  Fan,  160. 

Small  Ser  Fan,  (Table  35)  160. 
W.    G.   Walker's,  (Table    54)  228, 

(Table  55)  230,  (Table  56)  231. 
by  Charles  H.  Innes,  Centrifugal 

Pump,  126. 

by  M.  Lelong,  Mine  Ventilating 
Fan,  138. 


G.  Walker's, 


Experiments  by  R.  C.  Parsons,   Cen- 
trifugal Pump,  133,  (Table  2(5)  134. 
on    Centrifugal    Fans    by    Bryan 

Donkin,  83. 
on  Mine  Fans,  Belgian  Commission 

(1892),  105. 
Walker's,  208. 
The  Eleven  Types  of  Fan  used  in 

Donkin's,  94. 

with  Guibals,  (Table  10)  110. 
with    Maximum    and     Minimum 
Equivalent  Orifices  on  Each  Fan, 
Resul  s  of ,  (Table  9)  92. 
with  Mortier  Fan,  Results  of,  (fig. 

70)  150. 
with  Propeller  Ventilating  Fans, 

224. 
with  Rateau  Fans,  118,  (Table  13) 

113. 

with  Ser  Fans,  (Table  IS)  US. 
Extreme  Diameter  of  Vanes,  Test  of  an 
Axial  or  Screw  Fan  of  a  Type  Similar 
to  that  shown  in  Fig.  135,  of  4 -69  Ft., 
251. 
Eyed  Fan,    Characteristic     of    Two-, 

(fig.  66)  14S. 

tested    by  M.    Lelong,   Two-, 
(fig.  65)  148. 

Face  of  the  Rotor  of  a  Compressor  with 
Straight  Blades,  Method  of  drawing 
the  Hyperboidal,  (fig.  151)  290. 
Facilities  for  Repair,  277. 
Farcot,  191. 
Field  Magnets  (in    Section)   of   Fan, 

Figs.  122  and  123,  (fig.  124)  238. 
Fixing  Impeller  to  Shaft,  Method  of, 

279. 

Flow  in  a  Pipe  or  Passage  of  Uniform 
Section,  The  Loss  of  Head  by  Surface 
Friction  of  a  Fluid  under  Steady,  4 
Fluid  impinging  on   Buckets  at  the 
Periphery  of  the  Fan,  Ventilat- 
ing Fan  driven  by  a  Stream  of, 
(fig.  146)  272. 

in  Motion,  Application  of  the  Law 
of  Conservation  of  Energy  to  an 
Incompressible,  2. 
Pumps,  Construction  of  Centrifu- 
gal, 261. 

under  Steady  Flow  in  a  Pipe  or 

Passage  of  Uniform  Section,  The 

Loss  of  Head  by  Surface  Friction 

of  a,  4. 

Forced    Draught    Fan,   Double  Inlet, 

(figs.  86  and  87)  164. 
Formulae    used  in  Donkin's    Experi- 
ments, 102. 

Forms  of  Blade  Tested,  (fig.  22)  68. 
Formula,  Application  of,  3. 
Free-End,   Subdivision  of    Pipe,  (fig. 

47)  95. 

Friction,    Work    expended     in    over- 
coming Disc,  171. 
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Friction  of  a  Fluid  under  Steady  Flow 
in  a  Pipe  or  Passage  of  Uniform 
Section,  The  Loss  of  Head  by 
Surface,  4. 

Furnace  Draught,  Combined,  (fig.  145) 
270. 

Furnaces,  Induced  Draught  for,  270. 

Gain  of  Pressure  Head,  Condition  for 

Maximum,  8. 
Galland,  Louis,  151. 
Gas,  Centrifugal  Compressor  for,  273. 
Purifier,  Centrifugal,  207. 

consisting  of  a  Fan  and  a 
Turbine  Series,  (fig.  143) 
268. 

Turbo  Compressor  for,  (fisr.  147)  275. 
Gauge  aud  Power  Diagrams,  Efficiency, 

(figs.  23  and  24)  72,  (fig.  25)  73. 
Tips,  Types  of,  (figs.  37  to  42)  84. 
"  Geblase,  Die,"  by  von  Ihering,  292. 
General    Electric    Company    of    New 

York,  274,  283,  287. 
Geneste-Herscher  Fan,  173,  (fig.  99  and 

100)  174,  (fig.  101)  175. 
Geometrical    Construction    of   Vanes, 

(fig.  15)  51. 

Gibson,  Dr.  A.  H.,  Formula,  6. 
Gilbert,  William,  40,  68,  71,  76,  82,  83, 

93,  181,  188,  292. 

Apparatus  for  Measuring  Power, 
Volume,  and  Speed,  Heenan  and, 
(fig. -26)74. 
Experiments  on  Centrifugal  Fans, 

Heenan  and,  65. 
Fan  tested  by  Heenan  and,  (fig.  20) 

66. 

Guibal  Fan,  105,  (figs.  51  and  52)  106, 
(figs.  53  and  54)  107,  (Table  10)110, 
(Table  14)  114. 
Guide  Vanes,  Weathercock,  (fig.  149) 

284. 
Gutermuth,  7. 

Hackett,  D.  A.,  260. 
Hattersley-Pickard  Fan,  243. 
Head,  The  Loss  of,  by  Surface  Friction 
of  a  Fluid  under  Steady  Flow  in 
a  Pipe  or  Passage  of  Uniform 
Section,  4. 
Theoretical  and  Actual,  (Table  27) 

137. 

from  Water  Gauge,  and  the  Calcu- 
lation of  Air  Density  for  a  Given 
Humidity,  Determination  of,  13. 
while  passing  through    the  Fan, 

Losses  of  Energy  or,  19. 
Heenan,  Hammersley,  40,  41,  68,   71, 

73,  82,  83,  93,  181,  188,  292. 
Fan,  (figs.  30  and  31)  78,  (figs.  34 

and  35)  SO,  (fig.  36)  81. 
and  Gilbert's  Apparatus  for  measur- 
ing Power,  Volume,  and  Speed, 
(fig.  26)  74. 


Heenan  and  Gilbert's  Experiments  on 

Centrifugal  Fans,  65. 
and  Gilbert,   Fan  tested  by,  (fig. 

20)  66. 

Helical  Propellers,  219. 
Henkel.     See  under  Beck  and  Henkel. 
Fans,  161,  (figs.  82  and  83)  162,  (figs. 

84  and  85)  163. 

Herscher  Fan.  See  under  Geneste- 
Herscher. 

High-Pressure  Centrifugal  Compres- 
sor, 277,  (fig.  148)  280,  (fig.  14Sa) 
281. 

Fans,  194. 
Turbine  Fan  Experiments,  Bateau, 

(Table  50)  201. 
Hirn's  Experiments,  199. 
Homersham,  T.  H.  C.,  286. 
Hooke's  Joint,  224. 

Humidity,    Determination    of    Head 
from  the  Water  Gauge  and  the  Calcu- 
lation of  Air  Density  for  a  given, 
13. 
"Hydraulics,"    by     W.     M.    Wallace, 

292. 
"  Hydraulic   Motors,   Turbines,"   etc  , 

by  Bod  trier,  292. 

Hyperboidal  Face  of  the  Rotor  of  a 
Compressor  with  Straight  Blades, 
Method  of  drawing  the,  (fig.  151)  290. 

Ihering,  von,  292. 

Illustratiiier  Moving  of  Casing  of  Mor- 
tier  Fan  to  suit  the  Mine,  (tig.  72) 
151. 

Permanent   Alteration    Casing    of 
Large  Mortier  Fan  to  suit  Mine 
Orifice,  (fig.  73)  152. 
Impeller,  274. 

to  Shaft,  Method  of  fixing,  279. 
Construction  of,  279. 
Improved  Fans,  (fig.  138)  259. 
Improvements  in  Fan  Design,  258. 
Inclined  Straight  Blades,  (tig.  150)  289. 

Compressors  with,  288. 
Incompressible  Fluid  in  Motion,  Ap- 
plication of  the  Law  of  Conservation 
of  Energy  to  an,  2. 
Indicators,  Crosby,  121. 
Induced  Draught  for  Furnaces,  270. 
Inlet,  Exhausting,    with    Disc,   Con- 
tracted, (fig.  126)  240. 
Allen  Fan,  Single,  (figs.  88  and  89) 

165. 

Fan,  Motor-driven,  Tests  of  a  4  Ft. 

6  In.  Single,  (figs.  90  and  91)  166, 

(figs.  92  and  93)  167,  (figs.  94  and 

95)  168,  (figs.  96  and  97)  169. 

Forced  Draught  Fan,  Double,  (figs. 

86  and  87)  164. 
Innes,  Charles  H.,  126,  (Table  24)  129, 

(Table  25)  130. 

Institute  of  Civil  Engineers,  292. 
of  Mining  Engineers,  292. 
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Jenks,  G.  P.,  Birmingham,  262. 
Joints,  Stepped  Blade  for  a  Centrifugal 

Fan,  with  Ribs  for  stiffening  them 

at  the  (fig.  140)  263. 
Jude,  Dr.,  15. 
K,  H.,  292. 

Keith  Fan,  260. 
Kew  Observatory,  224. 
Khatatbeh,  Egypt,  191. 
Kley  Fan,  153. 

Efficiency  of  a,  (Table  32)  155. 
Fans,    Tests    of    (Smaller    Type), 

(Table  33)  155. 
Ventilator,  (figs.  74  and  75)  154. 

Laval  Turbine.  See  under  De  Laval 
Turbine. 

Law  of  Change  of  Moment  of  Momen- 
tum, 1(3. 

Law  of  Conservation  of  Energy  to  an 
Incompressible    Fluid    in    Motion, 
Application  of  the,  2. 
Leh.ng,  M.,  138,  140,  142,  143,  146,  148, 
-,140,  292. 

Loss  of  Head  by  Surface  Friction  of  a 
Fluid  under  Steady  Flow  in 
a  Pipe  or  Passage  of  Uniform 
Section,  The,  4. 

due  to  a  Sudden  Change  in  the 
Direction  of  Motion, 
Condition  for  Minimum, 

Change  in  Velocity  without 

Change  in  Direction,  9. 
Losses  of  Energy  or  Head  while  pass- 
ing through  the  Fan,  19. 

Magnets  (in  Section)  of  Fan,  Figs.  122 

and  123,  Field,  (fig.  124)  238. 
Manometer  and  Pitot  Tube,  10. 
Manometric  and  Air  Efficiency,  Varia- 
tion of,  (Table  2)  35,  (Table  3)  36, 
(Table  4)  37. 

and     Mechanical    Efficiencies    in 
Terms  of  <f>,  Equation  for  finding 
the,  23. 
Efficiencies  of  the  Parkend  Mine 

Fan,  (Table  48)  182. 
Marine  Ventilating  Fan,  Experiments 

by  M.  Leloug,  138. 

Maximum  and  Minimum  Equivalent 
Orifices  on  Each  Fan,  Results  of 
Experiments  with,  (Table  9)  92. 
Gain  of  Pressure  Head,  Condition 

for,  80. 
Measuring  Apparatus,  Bryan  Donkin's 

Pressure,  (fig.  46)  89. 
Power,  Volume,  and  Speed,  Heenan 
and  Gilbert's  Apparatus  for,  (fig. 
26)  74. 

Mechanical  Efficiencies  in  Terms  of  <f>, 
Equation  for  finding  the  Manometric 
and,  23. 


Mehler,  C.,156. 

Memoires  de  la  Society  des  Ingenieurs 

Civils  for  1878,  107. 

Method  of  drawing  the  Hyperboidal 
Face  of  the  Rotor  of  a  Compres- 
sor with  Straight  Blades,  (tig. 
151)  290. 

of  fixing  Impeller  to  Shaft,  279. 
Methods  of  Construction,  277. 
Mine,  Moving  of  Casing  of  Mortier  Fan 

to  suit  the,  (fig.  72)151. 
Fans,  Belgian  Commission  (1892> 

Experiments  on,  105. 
Characteristic  Curves,  (figs.  30 
and  31)  78,  (figs.  32  and  33). 
79,  (figs.  34  and  35)  80,  (fig. 
36)81. 

Orifice,      Permanent      Alteration 
Casing  of  Large  Mortier  Fan  to- 
suit,  (fig.  73)  152. 
Ventilating  Fan,  (fig.  29)  76. 

Testing  of  a,  76. 
Blanzy, 173. 

Consolidation,  Westphalia,  126. 
Minimum  Equivalent  Orifices  on  Each 
Fan,    Results    of    Experiments 
with  Maximum    and,   (Table   9> 
92. 

Loss  of  Head  due   to   a  Sudden 
Change    in    the     Direction     of 
Motion,  Condition  for,  7. 
Mining  Commission    Tests,   Prussian 

(1884),  103. 
Mixed  Flow  Fans,  40. 

Design  of,  46. 
Moment  of  Momentum,  Law  of  Change 

of,  16. 
Momentum,  Law  of  Change  of  Moment 

of,  16. 

Montrambert,  126. 
Mortier,  150,  151. 

Motion,   Application  of    the  Law    of 
Conservation  of    Energy   to  an 
Incompressible  Fluid  in,  2. 
Condition    for  Minimum   Loss  of 
Head  due  to  a  Sudden  Change  in 
the  Direction  of,  7. 
Motor,   Fan  with  Specially  Designed 

Electric,  (figs.  122  and  123),  238. 
Speed  Characteristics  of,  (fig.  117) 

233. 

-driven,  Test  of  a  4  Ft.  6  In.  Single 
Inlet  Fan,  (figs.  90  and  91)166, 
(figs.  92  and  93)  167,  (figs.  94  and 
95)  168,  (figs.  96  and  97)  109. 
Moving  of  Casing  of   Mortier  Fan  to 
suit  the  Mine,  (fig.  72)  151. 

Nicholson,  Dr.,  4. 

North-East  Coast  Institute  of  Engi- 
neers and  Shipbuilders,  292. 

Onions.     See     under     Alldays     and 
Onions. 
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Open-running  Fan  Experiments,  137. 
Seghill  Colliery,  (Table  49)  192. 
with  Radial  Vanes,  (fig.  67) 

149. 

Orifice,  Permanent  Alteration  Casing 
of   Large    Morlier  Fan    to  suit 
Mine,  (fig.  73)  152. 
Reduced,  (fig.  19)  64. 
on  Each  Fan,  Results  of  Experi- 
ments with  Maximum  and  Mini- 
mum Equivalent,  (Tab-e  9)  92. 
Other  Propeller  Ventilating  Fans  and 

Rateau  Screw  Fans,  243. 
Outlet,  Circulating,  without  Disc,  Con- 
tracted, (fig.  127)  240. 
Propelling,  with  Disc,  Contracted, 

(fig.  125)  240. 

Overcoming  Disc  Friction,  "Work  ex- 
pended in,  171. 

Packing,  282. 

Paris  Exhibition,  1900, 173. 
Rateau  and  Co.,  269. 
Sautter-Harle,  194. 
Park  end  Colliery  Company,  76. 
Mine  Fan,  181. 

Manometric  Efficiencies  of  the, 

(Table  42)  182. 
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